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PARTIE | : Curriculum vitae

Dr. Chantal SELLIER
Née le 15 octobre 1979
Nationalité francaise

Coordonnées professionnelles : IGBMC
Dpt de neurogénétique et médecine translationnelle
Equipe Maladies a gain de fonction d’ARN
1, rue Laurent Fries
67400 llikirch-Graffenstaden
Tél : 03-88-65-33-57
Mail : sellier@igbmc.fr

I- SITUATION ACTUELLE
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2007- a aujourd’hui : Equipe « Maladies a gain de fonction d’ARN »

IGBMC - llIkirch-Graffenstaden.

Responsable : Dr Charlet-Berguerand Nicolas.

Mes activités de recherche portent sur I'’étude des mécanismes moléculaires impliqués dans
les maladies dues a des expansions de répétitions dans des régions non codantes du génome.
Je me suis focalisée plus particulierement sur I'étude du syndrome d’ataxie et de tremblement
lié a I’X fragile (FXTAS) et sur la sclérose latérale amyotrophique associée a une démence
frontotemporale (SLA/DFT).
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lll- FORMATION
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FXTAS.



Curriculum Vitae
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VI- PUBLICATIONS

Article en préparation :

Sellier C*, Cerro-Herreros E, Freyermuth F, Blatter M, Hammer C, Weber P, Koch M,
Ruffenach F, Page A, Sarkar P, Puymirat J, Udd B, Day JW, Meola G, Bassez G, Schoser
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Freyermuth F, Rau F, Kokunai Y, Linke T, Sellier C, Nakamori M, Kino Y, Arandel L, Jollet
A, Thibault C, Philipps M, Vicaire S, Jost B, Udd B, Day JW, Duboc D, Wahbi K,
Matsumura T, Fujimura H, Mochizuki H, Deryckere F, Kimura T, Nukina N, Ishiura S,
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Slicing misregulation of SCN5A contributes to cardiac-conduction delay and heart
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Decresed DGCR8 expression and miRNA dysregulation in individuals with 22Q11.2
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Almeida S, Gascon E, Tran H, Chou HJ, Gendron TF, Degroot S, Tapper AR, Sellier C,
Charlet-B N, Karydas A, Seeley WW, Boxer AL, Petrucelli L, Miller BL, Gao FB.

Modeling key pathological features of frontotemporal dementia with C9ORF72 repeat
expansion in iPSC-derived human neurons.
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Todd PK, Oh SY, Krans A, He F, Sellier C, Frazer M, Renoux AJ, Chen KC, Scaglione KM,
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Charlet-Berguerand N, Paulson HL.

CGG repeat-associated translation mediates neurodegeneration in fragile X tremor
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Neuron. 2013 May 8;78(3):440-55.

Sellier C, Freyermuth F, Tabet R, Tran T, He F, Ruffenach F, Alunni V, Moine H, Thibault
C, Page A, Tassone F, Willemsen R, Disney MD, Hagerman PJ, Todd PK, Charlet- N.
Sequestration of DROSHA and DGCR8 by expanded CGG RNA repeats alters microRNA
processing in FXTAS.

Cell Reports. 2013 Mar 28;3(3):869-80.

Disney D, Liu B, Yang WY, Sellier C, Tran T, Charlet-Berguerand N, Childs-Disney JL
A small molecule that targets r(CGG)(exp) and improves defects in fragile X-associated
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ACS Chem Biol. 2012 Oct 19;7(10):1711-8.

Marin M, Sellier C, Paul-Antoine AF, Cailliau K, Browaeys E, Bodart JF, Vilain JP.
Calcium dynamics during physiological acidification in Xenopus oocyte.
J Membr Biol. 2010 Aug;236(3):233-45.

Sellier C, Rau F, Liu Y, Tassone F, Hukema RK, Gattoni R, Schneider A, Richard S,
Willemsen R, Elliott DJ, Hagerman PJ, Charlet-Berguerand N.
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EMBO J. 2010 Apr 7;29(7):1248-61.
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Vilain JP, Bodart JF.
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Dev Biol. 2005 Jul 15;283(2):373-83.
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Revues ou éditorial :

Corbier C, Sellier C*
C90RF72 is a GDP/GTP exchange factor for RAB8 and RAB39 and regulates autophagy.
Small GTPases. 2016 Aug 5:0 (* auteur correspondant)

Ciura S, Sellier C, Campanari ML, Charlet-Berguerand N, Kabashi E

The most prevalent genetic cause of ALS-FTD, C90RF72 synergizes the toxicity of
ATXN2 intermediate polyglutamine repeats through the autophagy

Autophagy. 2016 Aug 2;12(8):1406-8.

Sellier C, Usdin K, Pastori C, Peschansky VJ, Tassone F, Charlet-Berguerand N.
The multiple molecular facets of fragile X-associated tremor/ataxia syndrome.
J Neurodev Disord. 2014;6(1):23.

Sellier C, Charlet-Berguerand N.
FXTAS : size does matter !
Cell Cycle. 2014;13(21):33109.

Chapitre de livre

Tassone F, Sellier C, Charlet-B N, Todd P

Chapter 6 : The Molecular Biology of Premutation Expanded Alleles
FXTAS, FXPOI, and Other Premutation Disorders

Editors: Tassone Flora & Hall Deborah

Springer Edition

VII- Prix scientifiques

Congreés (Prix de la meilleure communication orale) :

8th international conference on unstable microsatellites and human disease -
Guanacaste - Costa Rica - 17-22 janvier 2015

Pathological translation of CGG repeats in polyglycin protein in FXTAS

Sellier C, Jung L, Tassone F, Viville S, Hagerman PJ, Willemsen R, Anheim M, Martinat, C,
Todd PK, Charlet-B N.

Congreés (Prix de la meilleure communication orale):

14 International Fragile X Conference - Orange County CA - USA - Juillet 2014

RNA and Protein Gain of Function in FXTAS

Sellier C, Gaucherot A, Jung L, Tassone F, Anheim M, Viville S, Hagerman PJ, Hukema R,
Willemsen R, Martinat C, Todd PK, Charlet N.

Recommandation par la Faculté de 1000 (2013)

Sellier C, Freyermuth F, Tabet R, Tran T, He F, Ruffenach F, Alunni V, Moine H, Thibault
C, Page A, Tassone F, Willemsen R, Disney MD, Hagerman PJ, Todd PK, Charlet-
Berguerand N.

Sequestration of DROSHA and DGCR8 by expanded CGG RNA repeats alters microRNA
processing in FXTAS.

Cell Reports. 2013 Mar 28;3(3):869-80.
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Congreés (Prix de la meilleure communication orale) :

12th International Fragile X Conference - Detroit - USA - Juillet 2010

DROSHA/DGCRS8 sequestration by expanded CGG repeats alters miRNA processing
alteration in FXTAS.

Sellier C, Hagerman PJ, Willemsen R, Charlet-BN.

Congreés (Prix du meilleur poster):

5eémes Assises de Génétique Humaine et Médicale - Strasbourg - janvier 2010
Global micro-RNA processing alteration in FXTAS.

Sellier C, Gattoni R, Hickel P, Willemsen R, Elliott D, Hagerman P, Charlet-B N.
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Sellier C, Jung L, Tassone F, Viville S, Anheim M, Martinat, C, Todd PK, Charlet-B N
Pathological translation of CGG repeats in polyglycin protein in FXTAS

8th international conference on unstable microsatellites and human disease -
Guanacaste Costa rica - 17-22 janvier 2015

Sellier C, Gaucherot A, Jung L, Tassone F, Anheim M, Viville S, Hagerman PJ, Hukema R,
Willemsen R, Martinat C, Todd PK, Charlet N.

RNA and Protein Gain of Function in FXTAS
14 International Fragile X Conference - Orange County CA - USA - Juillet 2014

Sellier C, Fugier C, Hammer C, Udd B, Schoser B, Furling D, Charlet-Berguerand N.
FOX chase MIBNL from CCUG aggregates: an explanation to the lesser severity of DM2
International Myotonic Dystrophy Consortium 8 - Clearwater - USA - Déc 2011

Sellier C, Tabet R, Tassone F, Moine H, Willemsen R, Hagerman P, Charlet-B. N.
Sequestration of DROSHA and DGCR8 by expanded CGG-repeats leads to altered micro-
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Introduction générale

PARTIE Il : Activités de recherche

I- INTRODUCTION GENERALE :

Séquences répétées dans le génome & maladies neurodégénératives

Des mutations dynamiques dues a l'instabilité de séquences répétées de nucléotides dans
I’ADN sont impliquées dans une quarantaine de maladies neurodégénératives et musculaires
(Loureiro et al., 2016 ; figure 1). Ce type de mutation a été identifié pour la premiére fois en 1991
dans I'amyotrophie bulbo-spinale liée a I’X due a une expansion de répétitions CAG dans le géne
du récepteur aux androgenes (Fischbeck et al., 1991) et dans le syndrome de I’X Fragile d a une
expansion de répétitions CGG dans le gene FMR1 (Fu et al., 1991 ; Oberlé et al., 1991 ; Pieretti et
al., 1991 ; Verkerk et al., 1991).

Figure 1 : Exemples de maladies associées a des expansions de répétitions

(modifié d’aprés Loureiro et al., 2016)
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Ces répétitions peuvent étre constituées de tri-, tétra-, penta- ou hexa-nucléotides dont la
longueur est polymorphique dans la population. Au-dela d’un certain seuil dit « pathologique »,
la maladie se développera avec plus ou moins de gravité. L’aspect « instable et dynamique » de
ces répétitions fait que leur nombre peut varier chez un méme individu selon le tissu, I'age et lors
de la transmission aux descendants. Il est également responsable du phénomeéne d’anticipation
caractérisé par une diminution de I'dge d’apparition des premiers symptomes et une
augmentation de la sévérité des symptomes di a l'amplification de I'expansion au fil des

générations.

Selon la localisation des répétitions dans le géne et le type de répétitions, plusieurs

mécanismes distincts ont été décrits (Brouwer et al., 2009 ; Loureiro et al., 2016).

Figure 2 : Schéma représentant les différents mécanismes par lesquels la présence d’expansions

de répétitions est toxique dans la cellule (modifié d’aprés Matilla-Duenas et al., 2014)

expansions codantes

expansions non codantes (ex: CAG)

(ex: ATTCT)

v

AUUCUAUUCUAUUCU transcription transcription
AAAAAA bi-directionnelle

N W 5 CAGCAGCAGCAGCAG

ARNmM mature intron épissé > CUGCUGCUGCUGCUG A/AAAAAA

foci d’ARN e

6@ PR ? ""._4
protéines liant ’ARN @%
RS . \ l traduction « RAN » traduction
epissage R,
pissage & g

Régulation séquestration de

25 IyL lyQ J
fo:ght';iss 5 \g(de la traduction protéines liant ’ARN polytL.... polyQ.... ~QQQQQ...

polyC... polys...
Stabilité de ‘ & —> autophagie polyA... polyA...
I’ARN / ‘ \
Problémes ] \ ???
d’épissage

apoptose  oyjcité

13



Introduction générale

(1) Un gain de fonction protéique: les expansions de répétitions, essentiellement de
répétitions CAG ou CAA, sont situées dans la région codante (exon) du gene résultant donc en
I’expression de protéines mutées contenant des répétitions de polyglutamines (répétitions CAG)
ou de polyalanines (répétitions CAA). Ces expansions de polyglutamines ou polyalanines sont
pathogéniques via I'acquisition de nouvelles fonctions toxiques, notamment des propriétés
d’agrégation, des protéines porteuses de ces répétitions. Nous pouvons ainsi citer la dystrophie
musculaire oculo-pharyngée due a de courtes répétitions de codons CAA dans le géne codant
pour la protéine nucléaire de liaison aux polyadénines, PABPN1, mais aussi I'amyotrophie bulbo-
spinale liée a I’X due a une expansion de répétitions CAG traduite en polyglutamines dans le géne
du récepteur aux androgénes (Fischbeck et al., 1991), la maladie de Hungtington causée par des
répétitions CAG dans la protéine huntingtine (Kremer et al., 1994 ; Trottier et al., 1995) et enfin
diverses ataxies spinocérébelleuses (SCA1, SCA2, SCA3, SCA6, SCA7, etc.) dues, elles aussi, a des
expansions de polyglutamines codées par des répétitions CAG dans divers genes (respectivement
dans les génes ATXN1, ATXN2, ATXN3, CACNA1A, ATXN7 pour SCA1, SCA2, SCA3, SCA6 et SCA7).
Il est a noter que les expansions de CAG sont pathogénes principalement par un mécanisme de
gain de fonction toxique de la protéine mutée mais aussi, par une perte partielle de la fonction
normale. L'expression d’un seul allele muté est donc suffisante pour engendrer la pathologie
conduisant ainsi a une transmission autosomale dominante. L’expression de deux alleles mutés
conduisant a une pathologie plus sévére ou plus précoce. De méme, il est observé une
corrélation entre la taille des répétitions et la sévérité et/ou I’dge d’apparition de la maladie. Des
expansions plus longues ou plus exprimées (homozygotes versus hétérozygotes) conduisant donc

a une pathologie plus sévere ou plus précoce.

(2) Une perte de fonction de la protéine codée par le gene portant les expansions. En effet, la
présence d’expansion de répétitions dans des régions non codantes mais proches du promoteur
du géne peut affecter la transcription de ce gene et étre a I'origine de I'absence ou d’une
diminution de la protéine correspondante. C'est le cas du syndrome de I’X fragile ou une
expansion de plus de 200 répétitions CGG dans la région 5’UTR du géne FMRI1 inhibe la
transcription de ce géne et donc I'expression de la protéine FMRP. Cette protéine est essentielle
pour la maturation des synapses et son absence conduit a un retard mental et un syndrome

autistique (Fu et al., 1991 ; Oberlé et al., 1991 ; Pieretti et al., 1991 ; Verkerk et al., 1991). Dans le
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cas du syndrome de I’X fragile, le géne FMR1 étant situé sur le chromosome X, la transmission est
évidemment liée au sexe, les hommes étant plus affectés que les femmes qui sont « protégées »
par l'inactivation aléatoire d’un de leur chromosome X. Il est aussi a noter qu’il existe un effet de
seuil dans ces maladies. En effet, au-dela de 200 répétitions CGG pour FMR1, I'expression du
géne est éteinte et la sévérité de la maladie ne corréle pas forcément avec le nombre de

répétitions au contraire des maladies a gain de fonction d’ARN ou de protéine.

(3) Un gain de fonction de I’ARN : dans ce cas de figure, les expansions sont transcrites mais ne
sont pas traduites et '’ARN porteur des répétitions est toxique par un mécanisme de gain de
fonction. Ces répétitions sont donc typiquement situées dans des régions transcrites mais non
traduites du génome (introns, 5’ ou 3’UTR, etc.). Ces ARN porteurs de répétitions sont toxiques
par titration de protéines liant les ARN, entrainant ainsi la perte de fonction de ces protéines
séquestrées. Ainsi, dans les dystrophies myotoniques (DM), I’expression de répétitions CUG dans
I’ARNm de DMPK (DM type 1), ou de répétitions CCUG dans le premier intron du géne CNBP (DM
type 2) lient avec une forte affinité les facteurs d’épissage de la famille Muscleblind (MBNL1,
MBNL2 et MBNL3), entrainant une perte de fonction de ces protéines, ce qui conduit a des
altérations d’épissage spécifique et, in fine, aux symptomes de ces maladies (Miller et al., 2000 ;
Mankodi et al., 2002 ; Lin et al., 2006 ; Fugier et al., 2011 ; Freyermuth et al., 2016). De méme, le
syndrome FXTAS impliquerait un mécanisme de gain de fonction d’ARN ou les répétitions CGG
sont transcrites et séquestrent des protéines spécifiques (lwahashi et al., 2006 ; Sellier et al.,
2010, 2013). L'étude de ce mécanisme dans FXTAS a fait 'objet de la premiére partie de mon
travail post-doctoral et sera donc abordé plus en détail dans le chapitre suivant. Tout comme les
maladies a gain de fonction protéique, il est observé une transmission dominante de ces
maladies a gain d’ARN, mais aussi une corrélation entre la sévérité ou I'dge d’apparition des

symptémes et le nombre de répétitions.

(4) Enfin, I'’équipe de Laura Ranum a décrit récemment un nouveau mécanisme conduisant a la
traduction d’expansions de répétitions en absence de codon d’initiation AUG (« repeat-
associated non-AUG (RAN) translation ») (Zu et al., 2011). Ce travail remet donc en cause le fait
gue des répétitions localisées dans des régions dites non codantes ne seraient pas traduites.

Ainsi, le brin antisens des répétitions CUG (donc porteur de répétitions CAG) dans la dystrophie
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myotonique de type 1 ou I'ataxie spinocérébelleuse de type 8 serait traduit dans les trois cadres
de lecture et donnerait des protéines porteuses de polyglutamines, de polysérines et de
polyalanines (Zu et al., 2011). De méme, les répétitions G4C, dans le géne C90ORF72, qui sont
responsables de la sclérose latérale amyotrophique et de démence frontotemporale, codent
pour des protéines porteuses de polyglycine-alanine, polyglycine-proline et polyglycine-arginine
dans le brin sens, et polyproline-alanine, polyproline-glycine et polyproline-arginine dans le brin
antisens (Ash et al., 2013 ; Mackenzie et al., 2013 ; Mori et al., 2013 (a et b)). Enfin, cette
découverte laisse penser que la présence de nouvelles protéines, jusqu’alors totalement
insoupgonnées, pourrait contribuer a la pathogenése de ces maladies a expansion de répétitions.
Ainsi, il a été montré récemment que la traduction « RAN » de I’ARNm codant la protéine
huntingtine avec des expansions de répétitions CAG conduisait a I'expression de protéines
porteuses de polysérines et polyalanines (ARN sens), mais aussi polyleucines et polycystéines
(ARN antisens) (Banez-Coronel et al., 2015). Il semblerait donc que la traduction RAN ne soit pas

limitée aux régions non codantes.

Durant mon stage post-doctoral, jai essentiellement axé mes recherches sur deux
syndromes neurodégénératifs dus a des expansions de répétitions : le syndrome FXTAS d{ a des
expansions de répétitions CGG dans le gene FMR1 et la sclérose latérale amyotrophique associée

a une démence frontotemporale (SLA/DFT) due a des répétitions G4C, dans le géne C9ORF72.
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ll- LE SYNDROME FXTAS

ll-1- Introduction
1l-1-1- Généralités

Le syndrome d’ataxie et de tremblement lié au chromosome X (FXTAS) est d(i a une
expansion limitée de répétitions CGG dans la région 5’'UTR du gene FMRI1. Au contraire du
syndrome de I’X fragile ou les expansions excédent 200 répétitions CGG, les patients FXTAS
présentent un nombre de répétitions compris entre 55 et 200 CGG, aussi connu sous le terme de
prémutation. Les individus porteurs de la prémutation ont longtemps été considérés comme
asymptomatiques jusqu'a I'observation par le Professeur Randy Hagerman de plusieurs cas
d’ataxie dans les familles, et notamment les grands-péres, d’enfants atteints du syndrome de I'X
fragile. Ce travail clinique fondateur a permis la description d’'un nouveau syndrome
neurodégénératif chez les porteurs d’une prémutation CGG dans le géne FMR1 (Hagerman and
Hagerman, 2001).

Les porteurs de prémutations sont estimés a 1 pour environ 250 femmes et 1 pour environ
800 hommes (Hagerman, 2008). Toutefois, le nombre de patients FXTAS est beaucoup plus rare
avec une estimation de 1 individu atteint de FXTAS pour 4000 porteurs de prémutation
(Jacquemont et al., 2004 (a)). Ce paradoxe est dii a une pénétrance incompléte de la maladie,
mais aussi par le fait que les cas de FXTAS avec des expansions en dessous de 70 — 75 répétitions
CGG sont extrémement rares (Tassone and Hagerman, 2012). En effet, on considére généralement
que l'intervalle « pathologique » pour les répétitions CGG se situe environ entre 70 et 150

répétitions, alors que la plupart des porteurs de prémutation présentent moins de 70 répétitions.

1I-1-2- Caractéristiques cliniques
Les deux caractéristiques majeures du syndrome FXTAS sont une démarche ataxique et/ou
un tremblement d’intention qui débutent vers I’age de 60-65 ans (Hagerman et al., 2001 ; Leehey
et al., 2007). Les patients FXTAS peuvent également présenter des problemes neuropsychiatriques
(anxiété, agitation, dépression) et cognitifs, des symptomes parkinsoniens ainsi que des

neuropathies périphériques (Bacalman et al., 2006 ; Hessl et al., 2005 ; Jacquemont et al., 2003).
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La progression de la maladie est variable avec une espérance de vie entre 5 et 25 ans
(Kamm et al., 2005 ; Greco et al., 2006). Du fait de I'inactivation aléatoire du chromosome X, les
femmes sont plus rarement atteintes et avec des symptomes plus légers que les hommes

(Hagerman et al., 2004).

1I-1-3- Caractéristiques histopathologiques

La principale caractéristique radiologique est une atrophie généralisée du cerveau
touchant plus particulierement le cervelet mais aussi le pons et les régions frontales et pariétales
du cortex (figure 3). L'IRM cérébral des patients montre une hyperintensité en T2 des pédoncules
cérébelleux moyens et de la matiere blanche adjacente illustrant une maladie de la substance
blanche (Brunber et al., 2002 ; Jacquemont et al., 2003 ; Loesch et al., 2005 ; Cohen et al., 2006).
Le degré d’atrophie du cerveau est souvent corrélé a la présence et a la sévérité du tremblement
et de I'ataxie et a la taille des. Il est a noter que des études récentes montrent des changements
asymptomatiques de la structure du cerveau et de la matiére blanche associés a la pathologie

FXTAS avant I'apparition des symptémes (Wang et al., 2012 ; Battistella et al., 2013).

Figure 3 : IRM montrant une severe atrophie du cerveau
chez un patient atteint de FXTAS
(Jacquemont et al., 2004 (b))

Les analyses neuropathologiques de cerveaux de patients FXTAS post-mortem montrent
une perte des cellules de Purkinje, une spongiose de la substance blanche profonde du cervelet et
une gliose de Bergman. De plus, le syndrome FXTAS est caractérisé par la présence d’inclusions
intranucléaires éosinophiliques et positives pour I'ubiquitine dans les neurones et les astrocytes
(figure 4 ; Greco et al., 2002 ; Greco et al., 2006). Ces inclusions contiennent également I’/ARNm

FMR1 portant la prémutation (Tassone et al., 2004).
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\ ‘ p o Figure 4 : Inclusions positives a I'ubiquitine
/ e présentes dans I’hippocampe chez un patient
e R FXTAS (Hagerman et al., 2004)

Ces inclusions intranucléaires sont également observées dans le systéme nerveux
périphérique incluant les cellules ganglionnaires de la medullosurrénale, les ganglions
mésentériques de I'estomac et les ganglions autonomes épicardiaux du coeur (Gokden et al.,
2009). Plus récemment, la présence de rares inclusions intranucléaires a été notée dans des
organes somatiques et neuroendocriniens (Hunsaker et al., 2011). La composition de ces agrégats
intranucléaires n’a été élucidée que trés récemment et a occupé une grande partie de mon travail

(lwahashi et al., 2006 ; Todd et al., 2013 ; Sellier et al., 2010, 2013, 2016 en révision).

11-1-4- Caractéristiques moléculaires

Les porteurs de prémutation présentent une augmentation de 2 a 8 fois de la quantité de
I’ARNm de FMRI1 dans les lymphocytes et/ou le cerveau comparé a des échantillons contréles
(Tassone et al., 2000 ; Kenneson et al., 2001). Cette augmentation serait due a une transcription
du géne FMRI1 plus élevée (Tassone et al., 2007). Au contraire, les échantillons de patients FXTAS
présentent une légére diminution de la quantité de protéine FMRP (Tassone et al., 2000 ;
Kenneson et al., 2001). Ce paradoxe (ARN FMR1 élevé mais protéine FMRP légérement diminuée)
est probablement dG a la difficulté du ribosome a passer a travers les fortes structures

secondaires d’ARN induites par les répétitions CGG (Feng et al., 1995; Primerano et al., 2002).
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1I-1-5- Physiopathologie

Une description des mécanismes pathologiques impliqués dans FXTAS est présentée dans
ce manuscrit sous forme de revue et de chapitre de livre auxquels j'ai contribué (revue 1 : Sellier
et al., 2014 ; Chapitre de livre: “FXTAS, FXPOI, and Other Premutation Disorders” Editeurs:
Tassone Flora & Hall Deborah). Toutefois, j'aimerais décrire ci-dessous brievement les deux
mécanismes principaux (gain de fonction ARN et/ou traduction non canonique des répétitions
CGG) sur lesquels j'ai travaillé.

L'un des premiers mécanismes décrit comme étant impliqgué dans la pathogenése du
syndrome FXTAS est un gain de fonction toxique de 'ARNm FMR1 présentant une expansion de
répétitions CGG (Hagerman and Hagerman, 2004). En effet, I'observation que I’/ARN FMR1 porteur
de répétitions CGG est présent dans les agrégats nucléaires chez les patients FXTAS (Tassone et
al., 2004) a conduit I'’équipe du Professeur Paul Hagerman a proposer un modele ou I’ARN porteur
de répétitions CGG chez les patients FXTAS puisse lier et titrer des protéines spécifiques, induisant
ainsi une perte de fonction de ces protéines et donc potentiellement une mort ou un
dysfonctionnement des neurones (Hagerman and Hagerman, 2004). Ce modéle est directement
inspiré des dystrophies myotoniques ou des ARN contenant de longues répétitions CUG titrent les
facteurs d’épissage de la famille MBNL (Miller et al., 2000). Diverses études sur FXTAS ont alors
montré que plus d’une vingtaine de protéines étaient associées aux répétitions CGG in vitro, in
cellulo ou dans les inclusions nucléaires dans des échantillons de cerveaux de patients ou des
modeles drosophiles et murins de FXTAS. Ainsi, parmi ces candidats, il a été identifié des protéines
de liaison a I’ARN telles que les hnRNP Al et A2/B1, Pur-alpha, CUGBP1 ou SAM68 et DGCR8
(lwahashi et al., 2006 ; Jin et al., 2007; Sofola et al., 2007 ; Sellier et al., 2010). Toutefois, et de
facon plus surprenante, il est aussi retrouvé des protéines qui, a priori, ne devraient pas se lier a
des ARN porteurs de répétitions CGG, du moins directement. Ainsi, la lamine A/C ou encore la
protéine MBP sont retrouvées dans les agrégats intranucléaires dans des échantillons de cerveaux
de patients FXTAS (lwahashi et al., 2006 ). De plus, il est noté que les agrégats intranucléaires dans
FXTAS sont positifs pour l'ubiquitine et présentent une taille importante (typiqguement plus de 1 a
2 um de diamétre). Au contraire, dans les dystrophies myotoniques, |’association d’ARN porteurs
de longues répétitions CUG ou CCUG et des protéines de liaison a 'ARN MBNL1 ou MBNL2
forment des agrégats nucléaires petits (0,1 a 0,2 um de diamétre), faiblement marqués a

I'ubiquitine et dont la composition ne contient pas ou trés peu de protéines autres que les
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protéines de liaison a I'ARN de type MBNL. Ces résultats suggerent que les agrégats
intranucléaires dans FXTAS sont clairement différents d’un simple complexe ARN-protéine.

La nature et la composition des agrégats intranucléaires caractéristiques de FXTAS et la
récente découverte de la traduction des répétitions CAG en absence de codon ATG dans la
dystrophie myotonique et I'ataxie spinocérébelleuse SCA8 (Zu et al.,, 2011) ont conduit le
Professeur Peter Todd et nous méme a s’interroger sur une possible traduction « RAN » des
répétitions CGG dans FXTAS. Il a ainsi montré que les répétitions CGG étaient effectivement
traduites en polyalanines et en polyglycines dans des modeéles cellulaires de FXTAS ainsi que dans
des modeéles de drosophile et de souris (Todd et al., 2013). De plus, la présence d’agrégats de
polyglycines a été confirmée indépendamment par d’autres anticorps dans des échantillons de
patients FXTAS (Buijsen et al., 2014). De facon intéressante, la traduction des répétitions CGG en
polyalanine nécessite uniguement de longues répétitions CGG, mais la traduction en polyglycine
requiert la séquence 5’"UTR de FMR1 située en aval des répétitions CGG (Kearse et al., 2016). Ces
résultats suggerent des mécanismes différents de traduction des répétitions CGG, mais aussi
soulévent la question de la toxicité de ces protéines polyalanines ou polyglycines par rapport a la

titration de protéines par I’ARN porteur des répétitions CGG.

1I-1-6- Problématiques et approches proposées

Au début de mes recherches sur le syndrome FXTAS en 2007, le principal mécanisme
proposé pour expliquer le syndrome FXTAS était un gain de fonction toxique de 'ARN FMR1
contenant entre 55 et 200 répétitions CGG (Hagerman et al., 2004). Ces ARN mutants sont
proposés comme liant différentes protéines, provoquant ainsi une perte de fonction de ces
derniéres. Une vingtaine de protéines avaient été identifiées telles que la lamine A/C, les hnRNP
Al et A2, CUGBP1 ou Pur-alpha (lwahashi et al., 2006 ; Jin et al., 2007 ; Sofola et al., 2007). Je me
suis donc consacrée, dans un premier temps, a l'identification de nouvelles protéines séquestrées
dans les agrégats d’ARN porteurs de répétitions CGG et aux conséquences pathologiques de ces
titrations (publication 1 & 2 : Sellier et al., 2010 ; 2013).

Puis, la découverte en 2011 d’un nouveau mécanisme de traduction en absence de codon
d’initiation ATG des expansions de répétitions (Zu et al., 2011) m’a conduite a tester si les
expansions de répétitions CGG dans le syndrome FXTAS pouvaient étre traduites. En collaboration

avec deux équipes (Peter Todd, université du Michigan, Etats-Unis; Rob Willemsen, université
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Erasmus, Pays-Bas), nous avons mis en évidence que les répétitions CGG sont traduites pour
donner une protéine, nommée FMRpolyGlycine, qui est toxique pour les neurones et qui forme
des agrégats nucléaires positifs pour I'ubiquitine. Cette derniére est présente dans les inclusions
intranucléaires caractéristiques des patients FXTAS (publication 3 & 4 : Todd et al., 2013 ; Buijsen
et al., 2014). Je me suis donc intéressée plus particulierement a cette protéine, notamment en
étudiant par quels mécanismes elle peut-étre toxique pour les neurones. De plus, nous avons
généré des cellules iPS de patients FXTAS et deux nouveaux modeles murins afin d’étudier le role
respectif des agrégats d’ARN CGG et des agrégats protéiques FMRpolyG dans la pathogenése du

syndrome FXTAS (Publication 5 : Sellier et al., en révision).
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11-2- Résultats

1I-2-1- Identification de nouvelles protéines séquestrées dans les agrégats d’ARN
(Publication 1 & 2) :

L’ARN FMR1 contenant des expansions de répétitions CGG s’accumule dans les inclusions
intranucléaires chez les patients FXTAS (Tassone et al., 2004), ce qui pourrait conduire a la
séquestration et a la perte de fonction de protéines spécifiques (Hagerman and Hagerman,
2004 ; Iwashi et al., 2006). Nous avons donc recherché de nouvelles protéines pouvant se lier
spécifiguement aux expansions des répétitions CGG. Pour cela, j'ai utilisé des ARN synthétiques
composés de trente a soixante répétitions CGG couplés a des billes de sépharose que j’ai incubés
avec des extraits de protéines de cerveaux de souris. Apres lavage et élution des protéines liées
aux répétitions CGG, nous avons identifié celles-ci par spectrométrie de masse avec I'aide de la
plateforme de protéomique de I'lGBMC. J'ai pu ainsi confirmer plusieurs protéines, comme les
hnRNP Al et A2/B1 identifiées dans des études précédentes (Ilwashi et al., 2006), mais aussi
mettre en évidence que le facteur d’épissage SAM68 (publication 1) et le complexe
Drosha/DGCRS (publication 2) sont présents spécifiguement dans les agrégats d’ARN CGG.

Le facteur d’épissage SAM68 est exprimé de maniére ubiquitaire avec une expression
élevée dans le systéme nerveux central, notamment dans le cortex, I’"hippocampe, le striatum et
le cervelet (Grange J, et al., 2004). SAM68 régule I'épissage de différents pré-ARNm comme Bcl-x
(Paronetto et al., 2007) ou I'exon 7 de SMNZ2 (Pedrotti et al., 2010). Enfin, les souris knockout
pour SAM68 présentent un défaut de coordination motrice (Lukong and Richard, 2008).

J'ai montré que I'expression de répétitions CGGgox dans des cellules en culture aboutit a la
séquestration d’environ 30% de la protéine SAM68 dans les agrégats d’ARN CGGgoy (Publication
1, figure 6). Nous avons également confirmé que le recrutement de SAM68 dans les agrégats
d’ARNm CGG chez les patients FXTAS entraine une altération de I'épissage de ses cibles
(Publication 1, figure 8). Il apparait donc que la protéine SAM68 est partiellement séquestrée
dans les agrégats d’ARN CGG, conduisant a une diminution de son activité de régulation de
I’épissage alternatif. Cependant, I'altération de la fonction de SAM68 n’est que partielle et
pourrait donc ne jouer qu’un faible réle dans la toxicité des répétitions CGG. De plus, nous avons
aussi montré que la protéine SAM68 ne se lie pas directement aux expansions de répétitions
CGG, mais que sa présence dans les agrégats d’ARN CGG nécessite un intermédiaire. J'ai alors

identifié cet intermédiaire comme étant la protéine DGCR8 (Publication 2). Le complexe
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Drosha/DGCRS est responsable de la maturation des pri-micro-ARNs en pré-micro-ARNs (Lee et
al., 2003). Notre travail sur FXTAS montre que la protéine DGCR8 peut se lier directement a I’ARN
composé de répétitions CGG et que cette liaison entre en compétition avec I'association de
DGCR8 aux pri-micro-ARNs. En conséquence, en présence d’un excés d’ARN contenant des
répétitions CGG, le complexe Drosha/DGCRS8 est titré par ces répétitions et n’est donc pas
disponible pour cliver les pri-micro-ARNs en pré-micro-ARNs, conduisant alors a une diminution
globale du niveau des micro-ARNs chez les patients FXTAS (Publication 2, figure 4). Enfin, la
toxicité cellulaire induite par I'expression de répétitions CGG peut étre diminuée par I'expression
concomitante de DGCR8 (Publication 2, figure 5). Nous proposons donc que la titration du
complexe Drosha/DGCRS par les répétitions CGG soit en partie responsable de la toxicité de ces
répétitions.

En conclusion, mes résultats ont permis d’identifier de nouvelles protéines présentes
dans les agrégats d’ARN CGG qui pourraient étre impliquées dans le syndrome FXTAS.
Cependant, la titration du complexe Drosha/DGCRS et surtout de SAMG68 par les répétitions CGG
n‘est que partielle et nexplique ni la taille, ni la présence d’ubiquitine dans les inclusions
intranucléaires des patients FXTAS. Suite a la découverte d’une traduction non canonique des
répétitions CAG (Zu et al., 2011), nous avons alors testé la possibilité qu’un autre mécanisme, la
traduction des répétitions CGG en une protéine toxique, puisse étre impliqué dans la

pathogenese du syndrome FXTAS.

1I-2-2- Traduction des expansions de répétitions CGG (Publications 3, 4) :

En collaboration avec I'équipe du Professeur Todd Peter, nous avons montré que les
expansions de répétitions CGG pouvaient étre traduites en absence de codon d’initiation ATG, et
ceci dans des cultures cellulaires et dans des modeéles de drosophiles (Publication 3, figures 1 et
2). Ces résultats suggérent que le mécanisme de traduction des expansions de répétitions CAG
en absence de codon d’initiation AUG (Zu et al., 2011) s’applique également aux expansions de
répétitions CGG dans le syndrome FXTAS (Publication 3). Toutefois, et au contraire du travail de
Zu et al. (2011), la traduction des répétitions CGG semble se faire préférentiellement dans une
seule phase codante (polyglycine) et nécessite la présence de la région 5’UTR de I’ARN FMR1
située avant les répétitions CGG. Le produit majeur de cette traduction est une petite protéine

d’environ 10 a 14 kilodaltons qui contient une expansion de glycines dont le nombre correspond
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au nombre de répétitions CGG. L’expression de cette protéine, nommée FMRpolyG, est toxique
pour les cellules neuronales et conduit a la formation d’agrégats intranucléaires positifs pour
I"'ubiquitine (publication 3). Avec lI'aide du service de production d’anticorps de I'lGBMC, nous
avons généré des anticorps monoclonaux contre FMRpolyG et montré que cette protéine est
retrouvée spécifiguement dans les inclusions nucléaires chez les patients FXTAS dans différentes
parties du cerveau comme I'hippocampe, le cortex frontal ou le cervelet mais également dans
des organes n’appartenant pas au systéme nerveux central comme la thyroide, le coeur ou
encore les reins (Publication 4). Enfin, FMRpolyG est également détectée dans des modeéles

murins de FXTAS (Todd et al., 2013 ; Hukema et al., 2015).

1I-2-3- ROle des agrégats d’ARN et de la protéine FMRpolyG dans le syndrome
FXTAS (Publication 5) :

L’expression d’une protéine traduite depuis les répétitions CGG dans FXTAS souléeve de
nombreuses questions, notamment sur le mécanisme d’une traduction en absence de codon
d’initiation ATG, mais aussi sur les différences entre la traduction principalement dans une seule
phase de lecture pour les répétitions CGG contre la traduction dans les trois phases de lecture
observée pour les répétitions CAG ou GGGGCC (Zu et al., 2011 ; 2013). De plus, I‘expression de
cette protéine FMRpolyG pose la problématique de sa toxicité et notamment sa pertinence par
rapport a la séquestration des protéines SAM68 ou Drosha/DGCR8 par les répétitions CGG au
niveau ARN.

Dans un premier temps, un travail de construction de mutants et d’analyse protéomique
m’a permis de mettre en évidence que la traduction de la protéine FMRpolyG requiert la
présence d’'un codon d’initiation faible ACG qui se trouve en amont des répétitions CGG. Une
initiation non canonique a des codons dits d’initiation faible (ACG, CTG, GTG, etc.) est connue
depuis le travail de Marilyn Kozac (Kozac 1988 ; 1990) et expliquerait ainsi la traduction des
répétitions CGG principalement dans une seule phase codante (celle du codon ACG). L’expression
de FMRpolyG principalement chez les patients FXTAS et non dans les échantillons contréles
résulte probablement de 'augmentation de 2 a 8 fois de I'expression de 'ARNm FMR1 (Tassone
et al., 2000 ; Kenneson et al., 2001 ), ainsi que de la présence de I'’expansion de répétitions CGG
gui augmente d’autant plus la taille et donc la stabilité de la protéine FMRpolyG chez les patients

FXTAS (Publication 5).
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Dans un deuxieme temps, je me suis plus particulierement intéressée a la toxicité de la
protéine FMRpolyG. Des expériences de transfection en cultures neuronales montrent que la
toxicité de cette protéine est due en partie a sa région C-terminale alors que I'expansion de
polyglycine est responsable de I'agrégation de la protéine. De plus, nous avons montré que
FMRpolyG interagit avec la protéine LAP2f3 (lamina-associated polypeptide 2R). LAP2f3 est une
protéine essentielle pour ancrer la lamine B a la membrane nucléaire et donc pour organiser
I’architecture nucléaire. L'interaction de FMRpolyG avec LAP2[ conduit a une localisation
anormale de LAP2, qui est associée a une altération de la structure de la lamine nucléaire
(publication 5). Il est a noter qu’une altération de la lamine nucléaire dans FXTAS était connue
depuis plusieurs années mais sans qu’aucune explication ou mécanisme ne puisse expliquer cette
altération (Arocena et al., 2005). Nous avons alors confirmé une altération de la localisation de
LAP2f et de la lamine nucléaire dans des neurones différenciés a partir d’iPS de patients FXTAS,
mais aussi dans des lames de cerveaux de souris modeles de FXTAS ainsi que dans des
échantillons de cerveaux de patients FXTAS (Publication 5, figure 6). Enfin, I'expression de LAP2f3
permet de corriger les altérations de la lamine nucléaire et de diminuer la toxicité neuronale
induite par I'expression de FMRpolyG. La présence de la protéine LAP2f3 dans les agrégats de
protéines FMRpolyG accompagnée d’une destructuration de la lamine B semble donc étre un
évenement pathogénique important pour comprendre FXTAS.

Enfin, dans le but de comprendre l'importance respective de I'ARN porteur des
répétitions CGG comparée a la traduction de la protéine FMRpolyG pour la pathogénese de
FXTAS, nous avons généré et comparé deux modeles murins. Le premier exprime seulement les
répétitions CGG au niveau ARN (CGGggy). Au contraire, notre deuxieme modele de souris possede
la région 5’UTR de FMRI1 contenant le codon d’initiation non canonique ACG en plus des
répétitions CGG (5’UTR CGGgg,). Ce deuxieme modele murin exprime donc les répétitions CGG au
niveau ARN mais aussi la protéine FMRpolyG. Ces modeles animaux nous ont ainsi permis
d’analyser plus spécifiguement la toxicité induite par ARN CGG ou par la protéine FMRpolyG
(Publication 5). Les résultats obtenus ont montré clairement que seule [’expression de
FMRpolyG est toxique. En effet, les souris exprimant FMRpolyG présentent des altérations
locomotrices dés I'age de 3 mois. Au contraire, les souris exprimant les répétitions CGG
seulement au niveau ARN ne montrent aucun symptome dans les quinze mois de notre étude.

Nous avons controlé que I'expression des répétitions CGG était équivalente entre les deux
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modeles souris. De plus, nous avons exclu un effet toxique non spécifique de l'insertion des
transgenes en choisissant une approche de transgénése par recombinaison homologue dans le
locus neutre Rosa26. Il est fortement possible que les répétitions CGG soient toxiques au niveau
ARN seulement apres accumulation sur une période de temps se comptant en dizaines d’années,
ou que cette toxicité ne puisse pas étre modélisable en modeéles murins pour d’autres raisons.
Toutefois et dans les limites inhérentes aux modeéles animaux, nous pouvons conclure que
I'expression des répétitions CGG au niveau ARN n’est que faiblement toxique, alors que

I’expression de FMRpolyG induit clairement une pathologie chez I'animal.
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11-3- Conclusion & discussion

En conclusion, au moins deux mécanismes pathogéniques distincts et non exclusifs
seraient impliqués dans le syndrome FXTAS. Dans un premier temps, un modele de gain de
fonction toxique de 'ARN FMR1 contenant de longues expansions de répétitions CGG a été mis
en évidence, similairement a celui initialement décrit dans les dystrophies myotoniques (Lee and
Cooper, 2009; Wheeler and Thornton, 2007). Les expansions de tailles pathologiques de
répétitions CGG séquestrent différentes protéines et conduisent a une perte de fonction de
celles-ci. Une trentaine de protéines liant directement ou indirectement les répétitions CGG ont
été identifiées (lwashi et al., 2006, ; Jin et al., 2007 ; Sofola et al., 2007). Mon travail a permis
d’identifier deux nouvelles protéines présentes dans les agrégats d’ARN, notamment le complexe
Drosha/DGRCS8 via une interaction directe de la protéine DGCR8 aux expansions de répétitions
CGG, ce qui aboutit a une diminution de I'activité du complexe Drosha/DGRC8 et donc in fine a
une diminution de la quantité de micro-ARN matures dans les échantillons de cerveaux de
patients FXTAS (Sellier et al., 2013). Par ailleurs, j'ai pu montrer que le facteur d’épissage SAM68
est partiellement séquestré dans les agrégats d’ARN CGG, mais cette liaison est indirecte et
nécessite une interaction avec la protéine DGCRS8 (Sellier et al., 2010). Cette titration partielle de
SAMG68 entraine des altérations de I'épissage alternatif des cibles de SAM68, comme ATP11b ou
SMIN2. Toutefois, il est a noter que ces altérations d’épissage ou d’expression de micro-ARNs
sont partielles et relativement faibles, notamment si I'on compare ces altérations a celles
observées dans les dystrophies myotoniques (une maladie typiguement a gain de fonction ARN).
Ces observations couplées a la découverte de la traduction des répétitions CGG en protéine
FMRpolyG (Todd et al., 2013), nous ont conduits a remettre en question le modele de gain de
fonction ARN dans FXTAS. Nous avons alors produit des anticorps confirmant |’expression de
cette protéine chez les patients et les modeles murins FXTAS (Buijsen et al., 2014). De plus, nous
avons aussi généré deux nouveaux modeles murins pour étudier I'impact de la seule expression
de I'ARN contenant les répétitions CGG aux conséquences de l|'expression de la protéine
FMRpolyG. A notre surprise, seules les souris exprimant FMRpolyG montrent un phénotype. De
plus, I'’étude de nos modeéles murins ainsi que de neurones différenciés a partir d’iPS de patients
FXTAS montrent que les agrégats de protéines FMRpolyG apparaissent avant les agrégats d’ARN
CGG. Ces résultats suggérent que I'apparition des agrégats d’ARN est un événement tardif dans

FXTAS alors que I'expression de la protéine FRMpolyG aurait un réle précoce et majeur dans le
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développement de la maladie. Ces résultats suggeérent ainsi un modeéle principalement de gain de
fonction protéique pour FXTAS.

Il est important de noter que nous n’avons pas détecté la présence de protéine issue de la
traduction des CGG dans les deux autres cadres de lecture (polyalanine ou polyarginine). De plus,
mes résultats montrent que la traduction de la protéine FMRpolyG est initiée en amont des
répétitions CGG au niveau d’'un codon d’initiation faible ACG. La présence de ce dernier est
nécessaire et suffisante pour initier la traduction de la protéine FMRpolyG indépendamment de
la taille de I'expansion des répétitions CGG. Ces résultats suggérent la présence d’'une uORF
(upstream ORF) qui régule I'expression du géne FMRP (Publication 5). La présence d’'une uORF
dans FMR1 n’est pas forcément inattendue sachant que des études bioinformatiques et des
expériences de profilage de ribosome récentes montrent qu’environ 50% des genes humains ou
murins contiennent des UORFs et que la moitié de ces uORFs sont traduites a partir de codons
d’initiations non AUG tels que CUG, GUG, ACG (Ingolia et al., 2011 ; Lee et al., 2012). Ces uORFs
sont généralement de petite taille et ne codent que pour quelques acides aminés ou de courts
peptides (<10 kDa), qui sont difficilement détectables du fait de leur petite taille et/ou de leur
instabilité (Slavoff et al., 2013). Le role principal des uORFs ne serait donc pas de coder pour des
protéines fonctionnelles, mais plutét de réguler (le plus souvent négativement) la traduction de
I'ORF principale située en aval. Dans le cas de la protéine FMRpolyG, nous ne détections
effectivement pas cette protéine dans les échantillons controles, nous pouvons supposer que la
petite taille de cette protéine (<6 kDa avec 30 répétitions CGG) rend particulierement difficile sa
détection. Au contraire, I'expansion au-dela de 50 répétitions CGG chez les patients FXTAS
permet d’augmenter le poids moléculaire de FMRpolyG et permet ainsi de la stabiliser (~10 a 14
kDa avec 100 ou 150 répétitions CGG). Par ailleurs, il est également probable que I'augmentation
de la quantité d’ARNm FMRI1 chez les patients FXTAS ainsi que la présence des répétitions CGG
qui diminuent la vitesse de déplacement du ribosome sur I’ARNm augmentent ainsi les
probabilités d’initiation au codon d’initiation faible ACG et par conséquent |'expression de
FMRpolyG.

Concernant une traduction éventuelle des répétitions CGG en protéine polyalanine (Todd
et al., 2013), nous avons généré des anticorps dirigés contre cette protéine mais nous ne I’avons
ni observée dans nos modéles cellulaires ou murins de FXTAS ni dans des échantillons de patients

FXTAS. Cependant, nos constructions possédant le 5’UTR du gene FMRI, il est possible que
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Iinitiation au codon non canonique ACG soit supérieure en efficacité a une traduction « RAN »
initiant directement dans les trois phases codantes a l'intérieur des répétitions CGG. Ces

différences ainsi que les mécanismes de la traduction RAN restent donc a étudier et a clarifier.
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II-3- Projet de recherche

1I-3-1- Développement de souris avec une expression spécifique dans le cervelet de la
protéine FMRpolyG

Lors de la génération de nos modeéles de souris, nous avons limité I'expression de nos
transgenes par une cassette loxP stop. Dans un premier temps, nous avons utilisé une
recombinase CRE constitutive exprimée sous le promoteur CAG. Ce dernier permet une
expression ubiquitaire et forte du transgene (Niwa et al., 1991). Les souris exprimant la protéine
FMRpolyG développent des problémes locomoteurs dés I'dge de trois mois, mais aussi une
obésité a partir de I'dge de 6 mois empéchant toutes analyses phénotypiques a des temps plus
tardifs. Les patients FXTAS ne sont pas particulierement décrits comme obéses et I'expression du
géne FMR1 est essentiellement restreinte au systéme nerveux central et aux testicules (Hinds et
al., 1993). Nous avons donc émis |I'hypothése que I'expression forte du transgéne hors du
systéme nerveux central puisse étre responsable de I'obésité notamment en affectant le
métabolisme de I'insuline ou les hormones qui régulent la satiété telles que la leptine libérée par
le tissu adipeux blanc ou la ghréline, un peptide sécrété par I'estomac ou le duodénum (Leibel,
2008 ; Woods, 2009 ; Kaiyala and Schwartz, 2011 ). Pour éviter une contribution non neuronale
au phénotype de nos souris, nous avons alors induit I'expression de FMRpolyG uniquement dans
les neurones en utilisant un promoteur Nestin Cre. Cependant, et bien que nous confirmons une
expression strictement neuronale de FMRpolyG dans ces nouvelles souris, ces animaux
présentent eux aussi une obésité sévere a partir de 6 mois avec des souris qui atteignent plus de
70 grammes a 9 mois d’age. Une telle obésité est typique des souris ob/ob qui sont knockout
pour les récepteurs neuronaux a la leptine et donc ne présentent plus d’inhibition de leur satiété.
Par RT-PCR, nous avons montré que |'expression de ce récepteur est altérée dans le cerveau des
souris exprimant FMRpolyG (que ce soit sous la dépendance de la Nestin CRE ou de la CAG CRE).
Ces résultats suggerent que I'expression de FMRpolyG dans le systéme nerveux central est
suffisante pour induire des dysfonctionnements neuronaux, notamment dans les zones qui
régulent le controle de la satiété comme I’"hypothalamus ou les régions extra-hypothalamiques.
Cependant, I'obésité n’étant pas caractéristique du syndrome FXTAS, nous n’avons pas
approfondi les recherches concernant ce phénotype. Pour éviter ce biais d’expression excessive

de FMRpolyG dans I’hypothalamus de souris, nous développons actuellement un nouveau
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modele de souris dans lequel I'expression de FMRpolyG est controlée par une PCP2 CRE, limitant
ainsi I'expression du transgene aux cellules de Purkinje (Nordquist et al., 1988 ; Oberdick et al.,
1990). Nous espérons ainsi que ce nouveau modeéle permette d’étudier des altérations du

cervelet sur des temps plus longs.

11-3-2- Etude de I'altération de la lamina nucléaire:

Mes résultats mettent en évidence que la protéine FMRpolyG interagit avec LAP2§3,
entrainant une perte de localisation de cette derniére au niveau de la membrane interne du
noyau. Cette altération est associée a une altération de la localisation de la lamine B et de
I’architecture de la lamina nucléaire. LAP23 contient un domaine transmembranaire permettant
son ancrage a la membrane interne du noyau et un domaine LEM (LAP2, Emerin, MAN1 domain),
qui interagit avec les lamines B1 ou B2 (Dechat et al., 2000 ; Lee et al., 2001 ; Shumaker et al.,
2001). De ce fait, une diminution d’expression de LAP23 conduit a une altération de I'assemblage
de la lamine B dans la lamina nucléaire (Furukawa and Kondo, 1998). En accord avec un role
important de LAP2f3 dans la pathogénése de FXTAS, j’ai observé que la transfection de LAP2f3
dans des cellules exprimant FMRpolyG corrige les altérations de la lamine B et la mort cellulaire
(publication 5), suggérant que l'interaction de FMRpolyG avec LAP2f conduit a une perte de
fonction de cette protéine. J'aimerais désormais étudier d’autres protéines de la lamina
nucléaire, telles que les protéines ancrées a la membrane interne du noyau (Emerine, MAN1,
Lapl, etc.), les lamines A et C, mais aussi les protéines SUN et Nesprine qui font le lien entre la
lamina nucléaire et le cytosquelette d’actine. Ces protéines me paraissent d’autant plus
intéressantes a étudier que I'expression de FMRpolyG, bien que nucléaire, conduit clairement a

des altérations du cytosquelette avec la présence de dendrites anormales et élargies (figure 5).
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Figure 5 : Neurites de cultures primaires de cortex de souris apres transfection de GFP ou de

FMRpolyG-GFP pendant 24h (x63).

GFP FMRpolyG-GFP

De plus, LAP2f interagit avec la protéine BAF (barrier-to-autointegration factor;
Furukawa, 1999 ; Segura-Totten and Wilson, 2004), une protéine essentielle qui lie 'ADN double
brin in vitro (Zheng et al., 2000) et qui réprime |'activité du facteur de transcription CRX (cone-
rod homeobox) in vivo (Wang et al., 2002). De méme, LAP2f3 lie le régulateur de transcription
GCL (Germ cell less) qui est exprimé de maniére ubiquitaire et localisé a proximité de la
membrane interne du noyau (Jongens et al., 1994 ; Nili et al., 2001). Le facteur CGL lie et inhibe
la sous-unité DP3 du facteur de transcription E2F-DP3. La surexpression de LAP2f} est suffisante
pour réprimer les génes rapporteurs dépendant de E2F-DP3 (de la Luna et al., 1999 ; Nili et al.,
2001). Ces études suggerent donc que LAP2[ régule la transcription via son interaction avec
différentes protéines (BAF/ CRX, GCL/ E2F-DP3, etc.). Il serait donc intéressant d’étudier par
séquencage d’ARN le transcriptome de cellules neuronales exprimant FMRpolyG. Ayant
développé plusieurs modeles pour FXTAS, nous pourrons alors valider par gRT-PCR d’éventuelles
altérations transcriptionelles dans nos modeles de souris mais aussi de neurones dérivés d’iPS de
patients FXTAS. Ces expériences devraient nous permettre d’étudier si la présence de LAP2f
dans les agrégats de protéine FMRpolyG conduit a d’éventuelles altérations de la transcription.
Nous pourrons alors essayer de corriger ces altérations par I'expression de LAP2f} soit par
transfection en cellules neuronales immortalisées, soit par |'utilisation de vecteurs viraux de type
lentivirus pour les neurones obtenus a partir d’iPS de patients ou AAV2/9 par injections dans le
cerveau de souris FXTAS. Ces expériences d’injection dans la souris sont lourdes, longues et
relativement complexes, toutefois, en cas de succes elles permettraient d’établir définitivement

un role de LAP2[3 dans la pathogénese de FXTAS.
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Abstract

understanding of the possible molecular basis of FXTAS.

Fragile X-associated tremor/ataxia syndrome (FXTAS) is an adult-onset inherited neurodegenerative disorder
characterized by intentional tremor, gait ataxia, autonomic dysfunction, and cognitive decline. FXTAS is caused by
the presence of a long CGG repeat tract in the 5" UTR of the FMRT gene. In contrast to Fragile X syndrome, in which
the FMRT gene harbors over 200 CGG repeats but is transcriptionally silent, the clinical features of FXTAS arise from
a toxic gain of function of the elevated levels of FMR]T transcript containing the long CGG tract. However, how this
RNA leads to neuronal cell dysfunction is unknown. Here, we discuss the latest advances in the current

Review

Introduction

Fragile X-associated tremor/ataxia syndrome (FXTAS) is
a neurodegenerative disorder that affects older adults who
have a large CGG-repeat tract in the 5'-untranslated re-
gion (UTR) of the Fragile X Mental Retardation 1 (FMRI)
gene [1]. Historically, carriers of Fragile X (FX) premuta-
tion alleles with 55 to 200 CGG repeats are considered at
risk for FXTAS. The prevalence of premutation alleles is
approximately 1 in 260 to 1 in 800 for males and 1 in 130-
to 1 in 250 for females in the general population [2,3].
Given reduced penetrance of FXTAS, it is estimated that 1
in 2,000 men over the age of 50 years in the general popula-
tion will show symptoms of FXTAS [2,4-6]. Clinical fea-
tures of FXTAS include progressive intention tremor and
gait ataxia, which is frequently accompanied by progressive
cognitive decline, parkinsonism, peripheral neuropathy, and
autonomic dysfunction [7]. The neuropathology of FXTAS
consists of mild brain atrophy and degeneration of the cere-
bellum, including hyperintensity of the middle cerebellar
peduncle (MCP), loss of Purkinje neuronal cells, spongiosis
of the deep cerebellar white matter, Bergman gliosis, and
swollen axons [8-10]. Immunocytochemical staining of
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post-mortem brain tissue from FXTAS reveals the presence
of eosinophilic and ubiquitin-positive intranuclear inclu-
sions that are broadly distributed throughout the brain, in-
cluding in neurons and astrocytes [9,10], the spinal column,
and several non-nervous tissues including thyroid, heart,
and the Leydig cells in the testes [11,12].

In contrast to the absence of FMRI mRNA and protein
expression seen in carriers of a full mutation (over 200
CGG repeats), individuals with premutation alleles have
markedly increased expression of FMRI mRNA, but only
moderately decreased FMRP levels [13-16]. FXTAS is not
seen in carriers of fully silenced FMRI alleles, suggesting
that a novel mechanism, involving increased expression of
the long CGG repeat tract in the FMRI mRNA, is respon-
sible for FXTAS. In support of this hypothesis, multiple
studies have demonstrated adverse consequences of
expressing CGG repeats in fly, mouse, and cell models
[17-22]. Consistent with an RNA-based pathological
mechanism, FXTAS has also been reported in individual
carriers of intermediate alleles (45 to 55 CGG repeats)
[23,24], and in full mutation allele carriers who are mo-
saics, both for repeat size and methylation, and who still
express some FMRI mRNA [25-27]. In addition, there has
been a report documenting the presence of intranuclear
inclusions in the brains of three older adult males with
Fragile X syndrome (FXS) [12]. These results have impli-
cations for the spectrum of FX-associated disorders, and
suggest that the definition of FXTAS may need to be
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broadened to include individuals whose FMRI allele, irre-
spective of its size, makes sufficient RNA for its deleteri-
ous effects to be apparent.

How the RNA containing expanded CGG repeats leads
to FEXTAS pathogenesis is not yet fully known. This re-
view will cover the recent advances in the understanding
of the molecular mechanisms that may contribute to the
pathogenesis of FXTAS, including the data presented at
the First International Conference on FMRI Premuta-
tion (23 to 26 June, Perugia, Italy). For other aspects of
EXTAS, there are a number of excellent reviews available
[28-31], as well the additional articles published in this
special issue of JND.

CGG repeats are unstable, and tend to expand over time
or with successive generations
Increased CGG repeat numbers are associated with an
increased risk of FXTAS and with an increased severity
and reduced age of onset of FXTAS symptoms [5,6]. The
CGG repeat tract responsible for FXTAS is polymorphic
in the human population. Normal alleles have between 6
and 45 repeats, and are relatively stable on intergener-
ational transmission. However, as the repeat number
increases, so too does the likelihood that the repeat
tract will expand or gain additional repeat units on in-
tergenerational transfer. AGG interruptions, which are
commonly seen within FMRI alleles, typically at 10 to
11 and 20 to 21 triplets from the 5" end [32], are associated
with a reduced risk of expansion [33,34]. Contractions
do occur [35], but much less frequently. One of the con-
sequences of the expansion bias is that alleles tend to
increase in repeat number with successive generations.
In addition to intergenerational expansion, somatic ex-
pansion is also seen in certain organs, including the
brain in mice, and both lymphocytes and brain tissue in
humans [27,36]. Somatic expansion may contribute to the
repeat-length mosaicism that is seen in some human pre-
mutation carriers [27,37-40]. This somatic expansion has
the potential to exacerbate FXTAS symptoms, particularly
in carriers of alleles with more than 100 CGG repeats,
where the repeat may be particularly prone to expansion.

The mechanism responsible for these expansions is
unknown. A number of other diseases are known to result
from expansions of tracts containing these repeats or other
short repeat units. Whether or not these diseases, which
are referred to collectively as the repeat expansion diseases
[41], share a common expansion mechanism is unknown.
However, the unusual nature of these mutations suggests
that they might. The expansion bias clearly differentiates
the instability in these diseases from the classic microsatel-
lite instability seen in certain cancers, where the repeat is as
likely to lose repeats as it is to gain them.

The individual strands of expanded CGG repeats, like
other repeats that cause repeat expansion diseases, form
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secondary structures, including hairpins and quadruplexes
[42]. These structures affect DNA processing enzymes
such as DNA polymerase, both in vitro [42] and in vivo
([43,44]. It is generally thought that these structures are
the trigger or substrate for expansion [41]. However,
expansion in brain and liver, which are organs with a low
proliferative capacity, along with expansion in mouse o0o-
cytes [45,46], suggest that the expansion mechanism may
not involve aberrant DNA replication. Rather, given that
oxidative stress exacerbates expansion in mice [47], it may
be that expansion results from the aberrant repair of oxi-
dized DNA or of DNA that is damaged in other ways. In
contrast to generalized microsatellite instability, expansion
in premutation mice actually requires Msh2 [48]. However,
whether expansion involves disruption of classic mismatch
repair or involves another MSH2-dependent process is un-
known. Although Msh2 is required for expansion, it is not
required for contractions [45,46,48]. Thus, it seems likely
that expansions and contractions occur by different mecha-
nisms, and the expansion bias seen in FX pedigrees may
reflect a more efficient operation of the expansion process
relative to the process that generates contractions.

Expression of FMR1 mRNA is increased in

premutation carriers

Several studies have shown that premutation alleles are
characterized by high mRNA expression levels [13,15,16,49].
In our recent analysis, FMRI gene expression levels were
measured in peripheral blood leukocytes from a total of 806
males across the whole range of CGG repeats, including
normal individuals (n =463), and individuals carrying inter-
mediate (n =60) and premutation (n =283) alleles [27]. The
results showed that FMRI mRNA levels increased with in-
creased CGG repeat number, and that a significant increase
(P <0.001) was detectable for allele lengths as short as
35 CGQG repeats (Figure 1). In addition, nuclear run-on
experiments indicated that this elevated level of FMRI1
mRNA in premutation carriers is caused by increased
transcription efficiency rather than increased mRNA sta-
bility [14,15]. Despite higher levels of FMRI transcripts,
mild deficits of FMRP have been found in premutation
carriers, and are probably due to a deficit in translational
efficiency, particularly in the upper premutation range
[13,16,49]. Thus, an FMRP deficiency is probably not the
principal cause of FXTAS. Instead, the crucial observation
that RNAs containing expanded CGG repeats accumulate
in nuclear RNA aggregates in brain sections of patients
with FXTAS [50] supports the notion that elevated levels
of FMRI mRNA trigger neuronal toxicity. In support of
this hypothesis, heterologous expression of 90 CGG re-
peats in Drosophila melanogaster was shown to cause
neurodegeneration and formation of ubiquitin inclusions
[18]. Similarly, a knock-in (KI) mouse model, in which the
endogenous eight CGG repeats of the murine Fmrl were
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Figure 1 Quantification of FMRT mRNA levels in the three allele
categories (normal, intermediate, and premutation) shows that
FMR1 mRNA expression increases significantly with increasing
CGG repeat number. The solid blue line on the plot shows a
piecewise linear regression fit, with FMRT mRNA expression increased
significantly in all three groups (P=0.012, P < 0.001, and P < 0.001 for
normal, intermediate, and premutation carriers, respectively).
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replaced with an expansion containing around 100 CGG
repeats of human origin, showed ubiquitin-positive nuclear
inclusions, and mild neuromotor and behavioral dis-
turbances [17,51,52]. Finally, expression of transcripts
containing 90 CGG repeats in a transgenic mouse
model recapitulated some of the neuropathological and
molecular features of FXTAS, despite the presence of a
normal Fmrl allele [19] (see also review on animal
models for FXTAS in this issue). These animal models
show that the expression of FMRI mRNA containing
expanded CGG repeats is both necessary and sufficient
to cause pathological features characteristic of human
FXTAS. Several mechanisms have been proposed to
explain how increased expression of a RNA containing
expanded CGG repeats could be pathogenic.

Is pathology the result of an RNA gain-of-function
mechanism?

The first recognized examples of RNA gain-of-function
diseases were two other repeat expansion diseases,
myotonic dystrophy type 1 and 2 (DM1 and DM2) [53].
DM is the most common muscular dystrophy in adults,
and in this condition, RNAs containing hundreds to
thousands of CUG (DM1) or CCUG (DM2) repeats ac-
cumulate in nuclear RNA aggregates that sequester the
Muscleblind-like (MBNL) splicing factors. Depletion of
the free pool of MBNLI1 leads to specific alternative
splicing changes, which ultimately result in the symptoms
of DM [53]. Extending this RNA gain-of-function model
to FXTAS, the expanded CGG repeats are predicted to
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sequester specific proteins, resulting in loss of their normal
functions, which would ultimately cause the symptoms of
FXTAS [54,55]. Consistent with this idea, Iwahashi and
collaborators [56] identified more than 20 proteins from
inclusions purified from brains of patients with FXTAS.
Of these, two RNA binding proteins were of special inter-
est. The first, hnRNP A2/B1 is mutated in families with
inherited degeneration affecting muscle, brain, bone, and
motor neurons [57], while the second, MBNLY], is the spli-
cing factor that is involved in DM [58]. However, a role
for MBNL1 in FXTAS has been excluded, because no gen-
etic interaction between MBNL1 and CGG-mediated neu-
rodegeneration was observed in the fly model of FXTAS
[59], and no misregulation of splicing events regulated by
MBNLI was observed in brain samples from patients with
EXTAS [60]. By contrast, binding of hnRNP A2/B1 to
RNA containing expanded CGG repeats was confirmed
by independent proteomic and in vitro analyses [60,61].
Furthermore, overexpression of hnRNP A2/B1 rescued
the neurodegeneration in transgenic Drosophila express-
ing 90 CGG repeats [59,61]. Interaction of hnRNP A2/B1
with RNA containing expanded CGG repeats was evident
in cytoplasmic cerebellar lysates. By contrast, nuclear
hnRNP A2/B1 presented little binding to CGG RNA,
suggesting that some modifications of hnRNP A2/B1,
either in the nucleus or in the cytoplasm, may alter the
ability of hnRNP A2/B1 to bind to CGG RNA repeats
[59]. The importance of titration of the cytoplasmic
pool of hnRNP A2/B1 was further demonstrated by ex-
pression of expanded CGG repeats in primary cultures
of rat sympathetic neurons [62]. RNA containing CGG
repeats competed for binding of hnRNP A2/B1 to BC1
RNA, a dendritic regulatory RNA, resulting in impaired
dendritic delivery of the BC1 RNA [62]. However, no mis-
regulation of splicing events regulated by nuclear hnRNP
A2/B1 was observed in brain samples of patients with
EXTAS [60]. Overall, these data suggest that expanded
CGG@G repeats recruit hnRNP A2/B1, resulting in depletion
of the cytoplasmic but not the nuclear pool of hnRNP
A2/B1. In addition, the ability of hnRNP A proteins to
unfold tetraplex RNA structures, formed by expanded
CGG repeats [63,64], raises the possibility that hnRNP
A2/B1 may also act as a RNA chaperone that destabi-
lizes these RNA structures. Finally, Sofola and collabo-
rators [59] demonstrated that hnRNP A2/B1 recruits,
in trans and through protein-protein interactions,
other proteins such as CUGBP1, an RNA binding protein,
whose expression is increased in heart samples of patients
with DM [65]. These data indicated that proteins binding
to CGG RNA may recruit other proteins, resulting in dy-
namic aggregates that expand over time, a model later
confirmed in COS7 cells expressing 60 CGG repeats [60].
Overexpression of either hnRNP A2/B1 or CUGBP1 res-
cued neurodegeneration in a Drosophila model of FXTAS,
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highlighting the potential importance of hnRNP A2/B1
and CUGBP1 to FXTAS pathology [59].

In addition to hnRNP A2/B1, proteomic analyses
performed by Jin and collaborators [61] also showed
that purine-rich binding protein a (Pura) binds ro-
bustly to RNA containing expanded CGG repeats. Pura
is a single-stranded cytoplasmic DNA and RNA bind-
ing protein that has been implicated in many biological
processes, including RNA transport and translation.
Importantly, overexpression of Pura rescued neurodegen-
eration in a Drosophila model of FXTAS [61]. However,
presence of Pura within nuclear aggregates in FXTAS
brain samples is inconsistently observed. Jin et al. found
Pura in cytoplasmic inclusions in Drosophila expressing
90 CGQG repeats, and in inclusions in superior-mid tem-
poral cortex neurons from human FXTAS brain sections
[61]. By contrast, Iwashashi et al. did not detect Pura in
purified inclusions from cerebral cortex of patients with
FXTAS [56]. Furthermore, Pura-positive inclusions have
not been observed in mouse models of FXTAS [66], or in
hippocampal and cortical brain section of patients with
EXTAS [67]. These results suggest that the composition of
the inclusions varies from one brain region to the next
and from one model organism to the other. Analogous to
the recruitment of CUGBP1 by hnRNP A2/B1 to RNA
containing expanded CGG repeats, Pura was shown to
recruit Rm62, the Drosophila ortholog of the RNA heli-
case P68/DDX5 [68]. Expression of expanded CGG repeats
resulted in the post-transcriptional downregulation of
Rm62, ultimately resulting in nuclear accumulation of
Hsp70 mRNA and of other mRNAs involved in stress
and immune responses [68]. Overexpression of Rm62
rescued neurodegeneration in flies expressing 90 CGG
repeats, highlighting the potential importance of P68/DDX5
to FXTAS pathology [68].

SAMBS68, a splicing regulator encoded by the KHDRBS1
gene, was also found in CGG RNA aggregates [60]. How-
ever, overexpression of SAM68 was not sufficient to rescue
neuronal cell death induced by expression of expanded
CGG repeats [67]. As with CUGBP1 and Rm62, SAM68
did not bind directly to CGG repeats, and recruitment
of SAM68 within CGG RNA aggregates occurred in trans
through protein-protein interactions [59]. Sellier and
collaborators [67] also showed that DROSHA-DGCRS,
the enzymatic complex that processes pri-microRNAs
into pre-miRNAs, associated specifically with CGG repeats
of pathogenic size. Sequestration of DROSHA-DGCRS
within CGG RNA aggregates resulted in reduced pro-
cessing of pri-miRNAs in cells expressing expanded
CGG repeats, and in brain samples from patients with
EXTAS. Overexpression of DGCR8 rescued neuronal
cell death induced by expression of expanded CGG
repeats [67]. These results suggest that titration of
DGCRS8 by expanded CGG repeats is a leading event
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to CGG-induced neuronal cell death. However, recent
analyses of miRNA expression in blood samples of patients
with FXTAS and in Drosophila expressing CGG repeats did
not show a global downregulation of miRNA, but rather,
the expression of some specific miRNAs was misregulated
[69,70]. Whether depletion of DROSHA-DGCRS varies in
blood and brain of patients with FXTAS, and whether the
Drosha-Pasha complex is sequestered in cytoplasmic ag-
gregates in Drosophila expressing expanded CGG repeats,
remains to be determined. Similarly, whether overexpres-
sion of hnRNP A2/B1, P68/DDX5, DROSHA-DGCRS,
or CUGBP1 rescues any phenotype in mouse models
expressing expanded CGG repeats, would be necessary
to determine the importance of these candidate proteins
to FXTAS pathology.

These caveats aside, the observations described above
suggest that CGG repeats could be pathogenic by seques-
tering specific RNA binding proteins, resulting in loss of
their normal functions, and thus lead to neuronal cell dys-
function (Figure 2) [56,58,61,67,68]. However, this attractive
model has some weaknesses. First, the inclusions observed
in FXTAS brain sections differ from those seen in DM,
a typical RNA gain-of-function disorder. In FXTAS, in-
clusions are larger and ubiquitinated, and contain
various chaperone proteins such as Hsp27, Hsp70, and
aB-crystallin [9,56]. In short, these large inclusions resem-
ble the aggregates seen in protein-mediated disorders,
although they are negative for the typical proteins found
in tauopathies, synucleinopathies, or polyQ disorders
(for example, Huntington’s disease). Second, and most
disconcerting, although inclusions in brain samples of
patients with FXTAS contain the mutant FMRI RNA
with expanded CGG repeats [50], a mouse model, in which
the endogenous eight CGG repeats of Fmrl is replaced
with an expansion containing around 100 CGG repeats,
shows numerous ubiquitin inclusions but only rare aggre-
gates of SAM68 or DROSHA-DGCRS, associated with
rare RNA aggregates of expanded CGG repeats [60,67].
Similarly, overexpression of expanded CGG repeats leads
to formation of nuclear RNA aggregate in some cell types,
including primary cultures of hippocampal embryonic
mouse neurons and PC12, COS7, and SKOV3 immortal-
ized cell lines, but no RNA aggregates have been observed
in A172, U-937, THP1, HeLa, HEK293, NG108-15,
IMR-32, Neuro-2a, SH-SY5Y, SK-N-MC, or SK-N-SH
cells [22,60]. In short, not all cell lines can support
CGG@G repeat aggregate formation, whereas in DM, ex-
pression of expanded CUG or CCUG repeats consistently
results in formation of RNA foci. Thirdly, a recent and
provocative study demonstrates that the toxic effect of
CGG@G repeats depends on their location [71]. Moving
expanded CGG repeats from a 5" UTR to a 3" UTR
position reduced their toxic effect in Drosophila,
whereas expanded CUG or CCUG repeats were found
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to be pathogenic in whatever location tested, provided
they were expressed in sufficient amounts to deplete
MBNL proteins. These data led Todd and collaborators to
reconsider the model of RNA binding protein sequestra-
tion, and to explore further the molecular mechanisms
of FXTAS.

Non-canonical AUG translation produces a
polyglycine-containing protein in FXTAS

An unexpected observation, made by Todd and colleagues
in flies transgenic for a construct containing 90 expanded
CGG repeats cloned upstream of the green fluorescent
protein (GFP) cDNA, was that some of the GFP signal
was found in cytoplasmic inclusions. Western blotting
analysis showed a band of the expected size for GFP, but
also detected a protein 12 kDa larger [71]. Because trans-
lation of expanded CAG repeats in the absence of an ATG
initiation codon (repeat-associated non-ATG translation
or RAN translation) had been previously reported [72],
Todd and collaborators tested whether expanded CGG
repeats could be translated despite the fact that no ATG
codon is present upstream of the repeats. Their analysis
revealed that, indeed, translation of CGG repeats occurs
in two out of the three frames, giving rise to short proteins
containing either a polyalanine or a polyglycine stretch.
Expression of the polyglycine protein resulted in the for-
mation of protein inclusions, which were toxic both in
neuronal transfected cells and in Drosophila. Further ana-
lyses of the polyglycine protein revealed that its translation
was probably initiated at non-canonical AUG codons,
such as CUG and GUG, which were located upstream of

the CGG repeats. A role for non-canonical translation ini-
tiation in inclusion formation is consistent with data from
two different KI mice mouse models. In a mouse model
that showed numerous ubiquitin inclusions, the expanded
CGQG repeat from a human premutation allele was cloned,
along with sequences upstream of the CGG repeats in
humans that contained the non-AUG initiations codons
[17]. By contrast, in a second mouse model, in which the
mouse 5 flanking sequence was retained, a stop codon
was found to be located just upstream of the expanded
CGG repeats [21]. These latter mice showed relatively few
ubiquitinated aggregates, thus supporting the notion that
non-ATG-initiated translation of the CGG tract is required
to generate most of the inclusions [71]. That this unusual
mode of translation may play a role in FXTAS is evidenced
by the fact that, with the aid of specific antibodies, polygly-
cine protein can be seen in brain sections of patients with
EXTAS [71]. Overall, these observations suggest that a
protein gain of function may also occur in cells of patients
with FXTAS. However, what contribution the polyglycine-
containing or polyalanine-containing proteins make to the
etiology of FXTAS is an exciting open question.

Non-coding transcription of the FMR1 locus: a role in
FMR1 mRNA toxicity?

The majority of the human genome is transcribed but
not translated. Such RNAs are classified as long non-
coding RNAs (IncRNAs) when longer than 200 nucleo-
tides [73-75]. To date, relatively few IncRNAs have been
functionally characterized, but increasing evidence sug-
gests that many may have important functions, including
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the regulation of transcription, RNA processing and trans-
lation, DNA methylation, and chromatin architecture,
both locally (cis-acting) and across some genomic distance
(trans-acting) [76-78].

In addition to the FMRI transcript, a variety of RNAs
are produced from the FMRI locus. Therefore, it is pos-
sible that these IncRNAs produced from the FMRI locus
may modulate certain aspects of FXS/FXTAS, as has
been shown in other human diseases [79]. For example,
Kumari and Usdin described an abundant antisense
transcript of about 5 kb that spans the region upstream
of the FMR1 promoter, and whose expression does not
change in response to repeat expansion [80]. By contrast
Ladd and coworkers described a transcript, Antisense
FMRI1 (ASFMRI), that spans the expanded CGG repeats
and whose expression is elevated in lymphoblastoid cells
and peripheral blood leukocytes of individuals with pre-
mutation alleles, while it is not expressed in those with full
mutation alleles [81]. Multiple splice forms of ASFMRI
have been identified, which show differential expression in
carriers of premutation and normal alleles [81]. One of
these ASFMRI splice variants contains a small intron that
uses a non-consensus CT-AC splice site that is transcribed
in a premutation cell line, but is absent in a normal cell line
[81]. We compared the expression levels of this ASEMRI
isoform in blood from individuals with alleles ranging from
normal to premutation, and found a significant increase
with CGG repeat number (P<0.001) (Figure 3) [27]. Of
interest, both unspliced and spliced ASFMRI transcripts
contain putative open-reading frames encoding polyproline
peptides, resulting from antisense-oriented translation of
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Figure 3 Expression of the minor splice isoform in the ASFMR1
transcript (131 bp), located near the ASFMR1 promoter.
Expression of this isoform increases in premutation carriers (P < 0.001),
and shows a similar trend in subjects with intermediate alleles
(P=0.0528) compared with normal alleles. The solid blue line on the
plot shows a piecewise linear regression fit (fitted on the log scale
then exponentiated for plotting), with separate slopes in the normal,
intermediate, and premutation alleles.
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the expanded CGG repeats [81]. Whether ASFMR1
containing expanded CCG repeats is translated and
participates in the formation of the pathogenic nuclear
inclusions observed in patients with FXTAS remain to
be tested.

Another antisense transcript, FMR4, originates upstream
of the FMRI start site, and covers 2.4 kb of sequence [82].
FMR4 is widely expressed in fetal and adult human tissues,
and throughout human and macaque brain regions.
Expression of FMR4, like that of ASFMRI and FMRI,
is increased in brain tissue of premutation individuals
and is silenced in individuals with the full mutation
[82]. Importantly, FMR4 overexpression was shown to
increase cell proliferation, whereas FMR4 downregula-
tion induced apoptosis in vitro [82]. Additionally, no
cis-acting effect was observed upon expression of the
FMRI gene. Therefore, it was hypothesized that FMR4
influences proliferation pathways in trans, by targeting
distal genomic loci. Current work is focused on defin-
ing a role for this transcript, as it has been found to
affect the chromatin state and transcription of several
genes involved in neuronal differentiation, axon guidance,
and synaptic signaling, as well as cell cycle regulators
(Peschansky and Pastori, unpublished data).

Two new transcripts arising from the FMRI locus,
FMR5 and FMRG6, were recently identified [83]. FMRS5 is
a sense-oriented IncRNA transcribed from approximately
1 kb upstream of the FMRI transcription start site (TSS).
FMRS5 is not differentially expressed in human brain from
unaffected individuals compared with full mutation and
premutation patients, suggesting that its transcription is
independent of CGG repeat expansion. Furthermore, the
TSS of FMRS appears not to be affected by the chromatin
silencing that occurs within full mutation alleles, or by the
open chromatin hypothesized to increase transcription of
FMRI premutation alleles. FMR6 is a spliced long anti-
sense transcript, 600 nucleotides i, whose sequence is en-
tirely complementary to the 3" region of FMRI [83]. It
begins in the 3'UTR, ends in exon 15 of FMRI, and uses
the same splice junctions as FMRI. An unexpected finding
was that FMR6 is reduced in premutation carriers, sug-
gesting that abnormal transcription and/or chromatin re-
modeling occurs toward the distal end of the locus.
However, the chromatin marks associated with the 3" end
of FMRI in premutation carriers have yet to be described.
The function of FMR6 remains to be identified, but its
complementarity to the 3" region of FMRI presents
several interesting possibilities. FMR6 may bind to FMRI
mRNA, thereby regulating the stability, splicing, subcellular
localization, or translational efficiency of FMRI, as has been
described for other IncRNAs [77]. Notably, FMR6 overlaps
miR-19a and miR-19b binding sites in the FMRI 3" UTR
[84], suggesting that FMR6 may modulate the stability
or translational efficiency of FMRI by interfering with



Sellier et al. Journal of Neurodevelopmental Disorders 2014, 6:23
http://www.jneurodevdisorders.com/content/6/1/23

microRNA binding. Overall, these results highlight the
importance of non-coding transcription of the FMRI
locus. However, much work remains to fully understand
the relevance of these transcripts to the pathology observed
in premutation carriers.

Conclusion

The restriction of FXTAS clinical features to unmethylated,
transcriptionally active alleles with large CGG repeat num-
bers suggests that the expression of a mutant RNA is
pathogenic to neuronal cells [55]. This hypothesis is sup-
ported by data from cell, fly, and mouse models [17-22].
However, how these RNAs cause neuronal cell dysfunction
and FXTAS symptoms remains unclear. One model pro-
poses that the RNA containing expanded CGG repeats is
pathogenic via its sequestration of specific RNA binding
proteins. Various proteins, including Pura, Rm62, CUGBP1,
hnRNP A2/B1, SAM68, and DROSHA-DGCRS, have been
shown to bind directly or through a protein partner to ex-
panded CGG repeats [56,59,61,67,68]. However, it remains
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to be tested whether overexpression of these candidate
proteins rescues any phenotype in mouse models ex-
pressing expanded CGG repeats. A second mechanism
involves non-canonical translation initiation of expanded
CGG repeats. resulting in expression of toxic polyglycine-
containing and polyalanine-containing proteins [71]; how-
ever, how these proteins promote neuronal cell dysfunction
is an open question. A third model is associated with the
expression of antisense FMRI transcripts. Further investiga-
tion is needed to evaluate the pathological consequences
of expression of ASFMRI or other long non-coding RNA
mapping within the FMRI gene. Finally, although de-
creased expression of FMRP is probably not the principal
cause of FXTAS, it cannot be excluded that a reduction in
EMRP plays a role in modulating some of FXTAS features.
In that context, the level of FMRP depletion in brain sam-
ples from a larger cohort of patients with FXTAS needs to
be measured.

In conclusion, in addition to increased FMRI mRNA
production, protein titration, non-AUG translation,
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antisense transcription, and decreased expression of
FMRP are a number of non-exclusive mechanisms
that may all contribute to FXTAS pathology. It is pos-
sible that contributions to pathology from more than
one mechanism may help to explain the great variabil-
ity in clinical presentation of premutation individuals,
aspects of which have heretofore not been accounted
for by CGG expansion size, mosaicism, methylation,
alternative spliced isoforms, additional genomic changes,
or other known factors. Thus, more work is needed to de-
termine the relative contribution of these processes to dis-
ease pathology in this multifaceted disorder (Figure 4).
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Abstract Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late adult onset
neurodegenerative disorder that mainly affects male carriers of an allele of 55- to 200
CGG repeats in the FMR1 gene (premutation). FXTAS symptoms include progressive
intention tremor, gait ataxia, neuropathy, psychiatric symptoms, cognitive decline, and
autonomic dysfunctions. Neuropathological features of FXTAS include global cerebral
and cerebellar atrophy, spongiform changes of white matter, marked Purkinje cell
dropout and presence of ubiquitin-positive intranuclear inclusions throughout the
brain. In contrast to fragile X syndrome, caused by transcriptional silencing of the FMR1
gene FXTAS, is associated with elevated expression levels of the FMR1I mRNA that
although at lower levels, is also translated through non-canonical ATG translation into a
polyGlycine containing protein (FMRpolyG). Here, we discuss current knowledge of the
putative molecular mechanisms pathogenic to neuronal cell and underlying FXTAS.

Introduction

Although the developmental disorder, fragile X syndrome (FXS), is almost always caused
by CGG repeat expansions exceeding 200 CGG repeats (full mutation range), with
hypermethylation of the promoter region and consequent transcriptional silencing (Fu
et al., 1991; Oberlé et al., 1991; Pieretti et al., 1991; Verkerk et al., 1991; Yu et al.,
1991), the adult onset neurodegenerative disorder, fragile X-associated tremor/ataxia
syndrome (FXTAS), almost exclusively affects carriers of premutation alleles (55-200
CGG repeats) with nearly all cases having alleles that exceed ~65-70 CGG repeats



(Jacquemont et al., 2006). Premutation alleles are generally unmethylated but several
studies have reported on the presence of premutation alleles partial methylated even in
the lower premutation size range and in some case the methylation status correlated
with the severity of the observed clinical involvement (Allingham-Hawkins et al., 1996;
Pretto et al., 2014c; Tassone et al., 1999). Furthermore, several studies have reported
FXTAS in individuals with a partially methylated full mutation (Loesch et al., 2012; Pretto
et al., 2014a; Santa Maria et al., 2013) and also in individuals with smaller alleles in the
“gray zone” or intermediate range (45-54 CGG repeats; normal <45 CGG repeats) (Hall
etal., 2012; Liu et al., 2013).

Concerning instability of the CGG repeat, alleles in the normal, gray and premutation

size ranges generally have one or more AGG trinucleotides within the CGG repeat tract,
typically spaced with intervals of 8-11 intervening CGG repeats (e.g., 9-10-10 pattern).
However, these intervening repeats are generally lost with larger CGG repeat sizes
within the premutation size range (Kunst et al., 1994; Zhong et al., 1996), which may
result in the loss of repeat length stability (Zhong et al., 1995). Interestingly, expansion
from the premutation range to a full mutation allele occurs only during maternal
transmission; that is, transmission of a full mutation allele never occurs from the father,
even if the father is a carrier of a full mutation allele (Nolin et al., 2003). Although the
presence of AGG interruptions within the CGG repeat does not affect either the
expression of the FRM1 mRNA (Yrigollen et al., 2012; Yrigollen et al., 2014) or its
translation (Ludwig et al., 2009) it has been demonstrated to play a key role in the
stability of the repeat (Nolin et al., 2013; Yrigollen et al., 2012; Yrigollen et al., 2014).
Importantly, Yigollen et al. demonstrated that the risk of expansion from premutation to
full mutation alleles during maternal transmission decreases by increasing number of
AGG interruptions. In addition, the risk of instability of an intermediate or premutation
allele during maternal or paternal transmission is reduced with the presence of AGG
interruptions, as is the magnitude of size change that occurs during transmission (Nolin
et al, 2013; Yrigollen et al., 2014). Using logistic regression of 710 maternal
transmissions and considering the total length of the CGG repeat allele, the number of
AGG interruptions and the age of the mother at childbirth a model for measuring the
risk of expansion to a full mutation during maternal transmission was calculated. This
model was determined to be more suitable than that which considered pure CGG
stretch instead of total length, confirming the previous data on a smaller sample
(Yrigollen et al., 2012).
The prevalence of full mutation is approximately 1 in 5,000 males and 1 in 2,500-8,000
females (reviewed in (Tassone et al., 2012b)). However, based on a recent systematic
review and meta-analysis, approximately 1/7000 males and 1/11000 females carry the
full mutation (Hunter et al., 2014).

Reported frequencies of the premutation allele vary among studies of various
populations. Canadian studies reported a premutation frequency of approximately 1 in
250 for females and 1 in 800 for males (Dombrowski et al., 2002; Rousseau et al., 1995).
However, the frequency of the premutation in females in Israel is substantially higher, at
approximately 1 in 113 (Toledano-Alhadef et al, 2001), and lower in an Asian
population with a rate of 1 in 1,674 premutation males in Taiwan (Tzeng et al., 2005). In



a recent report, using the known frequency for premutation females (using the average
of 1 in 126 from (Pesso et al., 2000; Toledano-Alhadef et al., 2001)) to calculate the
expected number of full mutations, Hagerman (Hagerman 2008) determined that the
expected frequency for premutation males would be 1 in 282 and for full mutation
(both males and females) would be 1 in 2,355. Interestingly, the former value is in
agreement with what was observed in recent larger screening studies in which the
prevalence of premutation alleles ranged between 150-210 in females and 290-430 in
males (Hunter et al., 2014; Maenner et al., 2013; Tassone et al., 2012b) .

Clinical Involvement in FMR1 Premutation Carriers

Over the last several years, there has been increasing awareness of the spectrum of
the phenotypes associated with premutation alleles of the FMR1 gene (Hagerman et al.,
2013). While the presence of a full mutation allele (>200 CGG repeats) generally result
in FXS, with autism spectrum disorders in over 60% of subjects (Harris et al., 2008),
smaller repeat expansions in the premutation range give rise to several distinct forms of
clinical involvement: (a) fragile X-associated tremor/ataxia syndrome (FXTAS) mainly in
older males; (b) Fragile X associated primary ovarian insufficiency FXPOI in
approximately 20% of all carrier females; and may give rise to (c) behavioral, physical,
emotional, and cognitive problems in some children who are premutation carriers,
particularly at repeat sizes in the upper end of the premutation range.

FXTAS is mainly observed in males as demonstrated by the absence of significant
differences between carrier females and controls when rated by CRST, ICARS or UPDRS
(Berry-Kravis et al., 2003; Jacquemont et al., 2004), or FXTAS Rating Scale (Leehey et al.,
2007) — for details of use and findings with these rating scales in FXTAS the reader can
see Chapter 1 and 7. However, a percentage of female carriers clearly present clinical
and neuropathological signs of FXTAS (Berry-Kravis et al., 2005; Jacquemont 2005;
Peters et al., 2006; Zuhlke et al., 2004). In contrast to fragile X syndrome, both FXPOI
and FXTAS appear to be generally confined to the premutation range with some
exceptions (Liu et al., 2013; Loesch et al., 2012; Pretto et al., 2014c; Santa Maria et al.,
2013). Moreover, while full mutations are characterized by the absence of FMRI mRNA,
and consequently by the absence of FMRP, premutation carriers possess elevated levels
of FMR1 mRNA, with the extent of the increase depending upon the size of the
premutation repeat expansion (Sellier et al., 2014; Tassone et al., 2000b). For the largest
premutation alleles, FMRP levels are moderately reduced (up to twofold) due to a
relative impediment to translation, demonstrated in both human and mouse (Ludwig et
al., 2014; Primerano et al., 2002). A diagram of the relative levels of FMR1I mRNA and
proteins (FMRP) as a function of the number of CGG repeats and the association of
clinical phenotypes is shown in Fig. 6.1.
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Fig. 6.1 FXTAS and FXPOI are largely confined to the premutation range and are thought to occur through
an RNA toxic gain of function due to excess FMR1 mRNA; however, patients with partially methylated full
mutation alleles continue to express mRNA and are potentially at risk of developing FXTAS. By contrast,
fragile X syndrome is caused by reduced/absent FMRP, due to silencing of the FMR1 gene in the full
mutation range. Features of the fragile X syndrome spectrum may also occur in the upper premutation
range due to reduced protein production. Dashed lines for FMR1 mRNA levels in the full mutation range
reflect variations in degree of methylation; FMRP levels are reduced due to both lower mRNA levels and
reduction in translation efficiency from the upper premutation range.

The expanded CGG repeat, located in the 5 UTR region of the FMR1 gene, is now
believed to cause the cellular toxicity in FXTAS, whereas FMRP is not thought to play a
role in the neurodegenerative syndrome, since full mutation alleles (where FMRP is
absent) are not associated with FXTAS. It is, however, possible that the decreased levels
of FMRP could somehow act in concert with the effects of the toxic mRNA, particularly
in the upper end of the premutation range where lower FMRP levels are detected;
however, many cases of FXTAS are observed for CGG repeats in the 80-100 range,
where FMRP levels are not substantially reduced. Thus, it appears clear that FXS and
FXTAS are caused by a CGG expansion in the FMR1 gene but with completely different
molecular mechanisms (RNA Gain of Function for FXTAS; Loss of FMRP function for FXS).

As noted above, FXTAS is more frequent in males, as would be expected for an X-
linked disorder (Adams et al., 2007; Berry-Kravis et al., 2007; Coffey S.M. et al., 2008;
Greco et al., 2008; Hagerman et al.,, 2004b; Hagerman et al., 2007; Hagerman et al,,
2004c). In particular, female carriers are less likely to develop the disorder due to the
protective effect of the expression of the normal allele in a portion of cells. Moreover,
for those females who do experience features of FXTAS, expression of the normal FMR1
allele is also likely to be responsible for the less severe clinical outcome (Hagerman et
al., 2004b; Zuhlke et al., 2004) X-inactivation effects are therefore predicted to have a
protective effect toward the neurological features of FXTAS. Several reports, in which a
correlation between the severity of clinical signs and the X-inactivation ratio has been



observed, seem to be supportive of such theory (Berry-Kravis et al., 2005; Coffey S.M. et
al., 2008; Jacquemont 2005). However, females can present with significant higher rates
of muscle pain, thyroid problems, hypertension, and fibromyalgia (Coffey S.M. et al,,
2008; Hagerman et al., 2013; Hundscheid et al., 2003; Rodriguez-Revenga et al., 2009).

Although details of the medical, cognitive, psychiatric, and neurological phenotypes
of FXTAS and in premutation carriers in general, are discussed more extensively in other
chapters of this book, a few additional comments regarding phenotype are pertinent
here. Borderline to mild cognitive deficits generally are observed when FMRP levels are
moderately reduced, as is often the case for individuals with alleles in the high
premutation range (>150 CGG repeats) or for individuals with alleles in the low full
mutation range that remain unmethylated and therefore retain transcriptional and
somewhat translational activity (Tassone et al., 2000b). Numerous phenotypic problems
have been reported in premutation carriers that seem to begin in many cases in
childhood. The most consistent deficits seen in such carriers of a large premutation
include shyness, anxiety, social deficits, ADHD, and executive function deficits (Aziz et
al., 2003; Chonchaiya et al., 2012; Cornish et al., 2005; Farzin et al., 2006). Thus, for the
larger premutation alleles, cognitive involvement may reflect the combined effects of
both RNA toxicity and lowered FMRP levels (Farzin et al., 2006; Goodlin-Jones et al.,
2004; Tassone et al., 2000a). The occurrence of seizures in about 8 to 13% of those with
the premutation (Bailey Jr D.B. et al., 2008; Chonchaiya et al., 2012; Hagerman et al.,
2009), which is associated with the development of autism spectrum disorder (ASD) in
males with the premutation (Chonchaiya et al., 2012). Further, immune mediate
disorders, including hypothyroidism and fibromyalgia, sleep apnea, hypertension and
migraine are more common in premutation carriers than controls (Hagerman et al.,
2013), Finally, very recent studies of early development in infant premutation carriers
has evidentiated the presence processing deficits similar to infants with FXS. Specifically,
a visual discrimination deficit in babies with the premutation that is similar to that seen
in babies with the full mutation and is significantly different from visual discrimination in
age- and sex-matched control babies has been recently reported and suggesting that
spatiotemporal processing impairment may constitute an endophenotype in infant
premutation carriers (Gallego et al, 2014). In addition, examination of cognitive,
communication, and social-behavioral profiles has demonstrated subtle developmental
differences in premutation infants as young as 12 months of age (Wheeler et al., 2015).

A number of studies have reported on the correlation between the length of the CGG
repeat within the premutation range and the severity of clinical involvement in
premutation carriers. These correlations are particularly strong with the neurological
(FXTAS) phenotypes including the age of onset of tremor and ataxia (Tassone et al.,
2007a), overall motor impairment (Leehey et al., 2007), severity of white matter disease
and degree of brain atrophy (Cohen et al., 2006; Loesch et al., 2005), severity of
neuropathic signs (Berry-Kravis et al., 2007), degree of neuropathy as measured by
nerve conduction studies (Soontarapornchai et al., 2008), reduced cerebellar volume
(Adams et al., 2007), and the percent of inclusions and age at death (Greco et al., 2006).
These associations are discussed further in Chapter 5.



FMR1 Gene Structure

The FMR1 gene consists of 17 exons spanning 38 kb of Xq27.3 (Eichler et al., 1993).
The gene is expressed in many tissues; however, the highest expression of the 4.4 kb
transcript is observed in brain, placenta, testis, lung, and kidney (Hinds et al., 1993). In
both human, including fetal brain neurons, and mouse, extensive alternative splicing of
the FMR1 gene has been demonstrated by RT-PCR analysis, and several FMRP isoforms
have been observed on Westerns (Ashley et al., 1993; Huang et al., 1996; Sittler 1996;
Verheij 1993; Verkerk 1993) due to alternative splicing in the carboxy-terminal half of
the FMR1 gene. Published studies have suggested that alternative splicing in the FMR1
gene does not seem to be tissue specific, as similar ratios of transcripts were found in
several fetal tissues, including brain and testis (Verkerk 1993); however, quantitative
approaches were not taken. The main splice variants observed in the FMR1 gene involve
the use of alternative splice acceptors in exons 12, 14, 15, and 17 (Ashley CT 1993;
Verkerk 1993). The existence of 16 different mRNA isoforms has been recently
described in different tissues (Pretto et al., 2015). Although the relative abundance of
these isoforms was reported to be significantly increased in premutations, interestingly
the abundance of isoforms spliced at both exons 12 and 14, specifically /so10 and
Iso10b, containing the complete exon 15 and differing only in splicing in exon 17 was 4-6
fold increased compared to controls. Based on their findings the authors suggested that
RNA toxicity is likely to arise from an increased level of all FMR1I mRNA isoforms and
such increase may have a functional relevance in the pathology of FMR1 associated
disorders. Although the specific function of the splice variants is not known, four or five
different FMRP isoforms have been described using FMRP-specific antibodies (Verheij et
al., 1995) some of which act as shuttling proteins that transports their mRNA targets
from the nucleus to the cytoplasm (Dury et al., 2013).

In addition to the presence of alternative splicing of the FMR1 gene, a detailed
analysis of the CG-rich, TATA-less, promoter region of the FMR1 gene has revealed an
influence of the CGG repeat with respect to initiation or the start of initiation. The
existence of three distinct groups of transcriptional initiation sites, and the distribution
of these start sites, which is modulated by the number of CGG repeats in the
downstream (5 UTR) region, has been demonstrated in different tissues including
lymphocytes and neuronal cells (Beilina et al., 2004; Tassone et al., 2011). While
premutation alleles appear to preferentially express the longer FMR1 mRNA (50 bp
longer compared to the most frequent transcription initiation site in the normal alleles)
(site Il or site Ill), normal alleles appear to preferentially use the shorter transcripts
initiating at site | (Beilina et al., 2004; Tassone et al., 2011). Interestingly, the nucleotide
sequence of all three transcriptional initiation sites was found to be highly similar to the
consensus sequence of pyrimidine-rich initiator (Inr) elements (consensus sequence
YYAN(T/A)YY) (Javahery et al., 1994), which are usually located near the start site and
have been implicated in transcription initiation in TATA-less genes (Chow et al., 1995). In
addition, a fourth transcription initiation site, located between the previously identified
sites | and 1l, was identified in brain tissues, suggesting the presence of a brain-specific
transcription start site (Tassone et al, 2011). The dependency of alternative



transcription initiation site usage on the CGG repeats length has also been observed in
mice (Tassone et al., 2011).

Alternative polyadenylation site usage in the 3’'UTR, which is implicated in the regulation
of gene expression of many genes, has also been observed in the FMR1 mRNA. Several
different mRNA transcripts through the usage of different polyadenylation signals were
identified in both human and mouse brain tissue (Tassone et al., 2011). Thus, the
combination of both alternative 5’ and 3’ UTRs in addition the complexity of expression
of the FMR1 isoforms suggest their potential role in neuronal physiology, as well as in
FMR1 associated disorders; however it needs to be investigated.

Importantly, the differential usage of initiators in normal and premutation alleles
may imply a possible variation in translational efficiency (post-transcriptional regulation)
due to variation in 5’ structure and sequence. Indeed, the FMRP deficit observed,
especially in the upper premutation range, is CGG dependent and is due to decreased
translational efficiency. Reduced translational efficiency was observed both in cell lines
and in transient transfection experiments using expanded alleles spanning the entire
premutation range (Chen et al, 2003; Primerano et al., 2002). Similar findings are
observed in two independently generated knockin mouse models of FXTAS (Brouwer et
al., 2008; Entezam et al., 2007; lliff et al., 2013; Ludwig et al., 2014; Willemsen et al,,
2003). To date, the precise mechanism by which the expanded CGG repeat impedes
translation is not clear. Translation from the larger premutation alleles is expected to be
severely inhibited by the predicted free energies of stabilization of the CGG repeat
element. One interesting feature of the transition from normal to the premutation
range is the gradual loss of AGG interruptions within the CGG element located in the 5’
UTR region of the FMR1 mRNA.

As mentioned earlier, a few studies have shown that both transcription and
translation expression levels (Ludwig et al., 2009; Tassone et al., 2007b; Yrigollen et al.,
2012) of the FMR1I mRNA are not influenced by AGG interruptions. Therefore, even if
the presence of AGG repeats may modify the secondary/tertiary structure of the UTR
region of the FMR1 gene, such alterations do not seem to have an effect on
transcription or represent a rate-limiting step in translational initiation.

Higher FMR1 Transcription Rate in Premutation Alleles

While hypermethylation of the FMR1 gene in full mutation alleles leads to
transcriptional silencing, premutation alleles are generally unmethylated and, therefore,
transcriptionally active. Moreover, FMR1 message levels are 2- to 10-fold higher than
normal, particularly in the upper end of the premutation range (~100-200 CGG repeats),
despite their reduced protein (FMRP) levels (Sellier et al., 2014). Both elevated mRNA
levels (up to fivefold) and FMRP deficit were also observed in some fragile X males with
a partially methylated full mutation, even for alleles greater than 300 CGG repeats
(Tassone et al., 2000b).

Elevated FMR1I mRNA levels observed in premutation carriers appear to result not
from increased mRNA stability (Tassone et al., 2000b) but rather from increased
transcriptional activity of the FMR1 gene. This was best demonstrated by increased



levels of run-on transcription in premutation alleles compared to normal (Tassone et al.,
2007a). Nuclear retention of expanded repeat FMR1 mRNA was not observed by RNA in
situ hybridization experiments in patient derived lymphocytes (Tassone et al., 2007a),
although this has not yet been evaluated in neurons. Elevated levels of FMR1
messenger RNA and a deficit in translation efficiency in expanded alleles has been
evaluated using in vitro translation experiments with a luciferase reporter mRNA
containing the 5'UTR of the FMR1 gene containing varying numbers of CGG repeats.
Specifically, the translation efficiency gradually decreases with increasing CGG repeat
number (Chen et al., 2003).

The augmented transcription of FMR1 mRNA is associated with epigenetic alterations
induced by the CGG repeat expansion itself (Todd et al., 2010). Specifically, ectopically
expressed CGG repeat expansions are sufficient to elicit chromatin changes in a
Drosophila model of the disease and similar changes are observed in patient derived cell
lines. Interestingly, these alterations in local chromatin structure are dynamic and
modifiable by genetic and pharmacologic means, suggesting that agents aimed at
chromatin remodeling might have therapeutic potential in FXTAS (Todd et al., 2010).
How exactly the repeat lead to these epigenetic alterations is unclear. Long tracts of
CGG-repeats are known to exclude nucleosomes in vitro (Wang et al., 1996). Should this
also occur in vivo it could lead to enhanced transcription by enhancing access of
transcription factors to the promoter. Alternatively, recent reports demonstrate that
transcribed CGG-Repeats form R-loop structures that could also potentially trigger
increased FMR1 expression (Groh et al., 2014; Loomis et al., 2014; Usdin et al., 2014).
Future work will be required to define the sequential pathway and proximal events that
lead to transcriptional up-regulation.

ASFMR1: The Antisense Transcript at the FMR1 Locus

Using RACE analysis and strand-specific RT-PCR, Ladd and collaborators (Ladd et al.,
2007) identified an antisense transcript of the FMR1 gene (ASFMR1) overlapping with
the CGG repeat region. The ASFMR1 is widely expressed in human tissues, with a higher
expression in brain and similarly to the FMR1 gene, the expression appears to be
influenced by the CGG repeat number as it is upregulated in peripheral blood leukocytes
of premutation carriers and silenced in full mutation alleles. Moreover, ASFMR1
transcript is alternatively spliced, polyadenylated, exported to the cytoplasm and
contains an open reading frame encompassing the CCG repeat that potentially encodes
a polyproline peptide (Ladd et al, 2007). Shortly after this report, Khalil and
collaborators described a second antisense transcript to FMR1, FMR4, which originates
upstream of the FMRI1 start site and covers 2.4 kb of sequence (Khalil et al., 2008).
Expression of FMR4, like that of ASFMR1 and FMRI1, is increased in brain from
premutation individuals and silenced in individuals with the full mutation (Khalil et al.,
2008). Importantly, FMR4 over-expression increases cell proliferation while FMR4 down-
regulation induces apoptosis in vitro (Khalil et al., 2008). More recently, two novel
transcripts arising from the FMR1 locus, FMR5 and FMR6, were identified (Pastori et al.,
2013). FMR5 is a sense-oriented long non-coding RNA (IncRNA) transcribed from



approximately 1 kb upstream of the FMR1 transcription start site. In contrast to FMR1,
the FMR5 transcript is not differentially expressed in human brain from unaffected
individuals compared to full and premutation patients, suggesting that its transcription
is independent of CGG repeat expansion (Pastori et al., 2013). FMR6 is a spliced 600 nt
long antisense transcript whose sequence is complementary to the 3’ region of FMRI1.
FMR6 begins in the 3’UTR, ends in exon 15 of FMR1, and uses the same splice junctions
as FMR1. Unexpectedly, the expression of FMR6 is reduced in premutation carriers
suggesting that abnormal transcription and/or chromatin remodeling occurs toward the
distal end of the locus. However, the chromatin marks associated with the 3’ end of
FMR1 in premutation carriers are yet to be described and further studies are needed to
determine the potential contribution of these long non coding RNA to the variable
clinical phenotypes associated with FXTAS and to the FMR1 associated disorders.

RNA Toxic Gain-of-Function Model

As stated above, FXTAS has been observed, with rare exceptions, only in
premutation carriers (Loesch et al., 2012; Pretto et al., 2014c; Santa Maria et al., 2013).
The absence of FXTAS in carriers of fully silenced FMR1 alleles has led to the hypothesis
that FXTAS is the result of a toxic gain-of-function of the FMR1I mRNA itself (Hagerman
et al., 2004a; Hagerman et al., 2001). This hypothesis is based on a precedent set by the
myotonic dystrophies, DM1 and DM2, in which expression of mutant RNAs containing
hundreds to thousands of CUG (DM1) or CCUG (DM2) repeats accumulate in nuclear
RNA aggregates that sequester specific RNA binding proteins (the Muscleblind-like
proteins). Depletion of the free pool of MBNL proteins leads to specific RNA
metabolisms changes, which ultimately results in the symptoms of myotonic dystrophy
(Nelson et al., 2013; Ranum et al., 2006).

Extending this RNA gain-of-function model to FXTAS predicts that the mutant FMR1
RNA containing expanded CGG repeats may sequester specific proteins resulting in loss
of their normal functions, which would ultimately cause the symptoms of FXTAS
(Hagerman et al., 2004a). Consistent with this hypothesis, Iwahashi and collaborators
identified more than 20 proteins from inclusions purified from brains of FXTAS patients
(lwahashi et al., 2006). Among these, two RNA binding proteins were of special interest,
hnRNP A2/B1, that is mutated in families with inherited degeneration affecting muscle,
brain, bone and motor neurons (Kim et al., 2013), and MBNL1, the RNA binding protein
that is sequestered in myotonic dystrophy (Kanadia et al., 2003; Miller et al., 2000).
However, a role for MBNL1 in FXTAS appears unlikely, since no genetic interaction
between MBNL1 and CGG-mediated neurodegeneration was observed in fly model of
FXTAS (Sofola et al., 2007), and no misregulation of splicing events regulated by MBNL1
were observed in brain samples from FXTAS patients (Sellier et al., 2010).

Association of hnRNP A2/B1 to RNA containing expanded CGG repeats was
confirmed by several independent analyses (Jin et al., 2007; Sellier et al., 2010; Sofola et
al., 2007). Specifically, the interaction of hnRNP A2/B1 with RNA containing expanded
CGG repeats was observed in cytoplasmic cerebellar lysates (Sofola et al., 2007), and the



importance of the titration of the cytoplasmic pool of hnRNP A2/B1 by expanded CGG
repeats was demonstrated by the impaired dendritic delivery of the BC1 RNA, a known
target of hnRNP A2/B1 (Muslimov et al, 2011). In contrast, nuclear hnRNP A2/B1
exibited little binding to CGG RNA (Sofola et al., 2007), and alternative splicing regulated
by nuclear hnRNP A2/B1 were not altered in brain samples of FXTAS patients (Sellier et
al., 2010). These data suggest that some modifications of hnRNP A2/B1, either in the
nucleus or in the cytoplasm, may modify the ability of hnRNP A2/B1 to bind to CGG RNA,
so that expanded CGG repeats may recruit and deplete the cytoplasmic pool of hnRNP
A2/B1, but not the nuclear pool of hnRNP A2/B1. In addition, the ability of hnRNP A
proteins to unfold RNA structures formed by expanded CGG repeats (Khateb et al.,
2004; Ofer et al., 2009), raises the interesting hypothesis that hnRNP A2/B1 may also act
as a RNA chaperone that destabilizes the RNA structures formed by expanded CGG
repeats.

hnRNP A2/B1 recruits other proteins, such as the CUGBP1 RNA binding protein, to
RNA containing expanded CGG repeats (Sofola et al., 2007). Overexpression of either
hnRNP A2/B1 or CUGBP1 rescues the neurodegeneration in a Drosophila expressing 90
CGG repeats, highlighting the potential importance of hnRNP A2/B1 and CUGBP1 to
FXTAS pathology (Jin et al., 2007; Sofola et al., 2007). Similarly, hnRNP A2/B1 interacts
with the heterochromatin protein 1 (HP1) to silence the expression of specific
Drosophila retrotransposons, such as gypsy or copia, and the titration of hnRNP A2/B1
by expanded CGG repeats results in increased expression of these retrotransposons in
fly model of FXTAS (Tan et al., 2012). Knockdown of gypsy RNA expression, but not of
copia, suppress the toxicity induced by expanded CGG repeats in Drosophila (Tan et al.,
2012). Whether the expression of retrotransposons is altered in FXTAS patients remains
to be determined, but it is interesting to note that increased levels of 5 -
hydroxymethylcytosine (5hmc) have been identified in repetitive elements DNA in a
mouse model of FXTAS (Yao et al., 2014).

In addition to hnRNP A2/B1, proteomic analyses revealed that SAM68, a splicing
regulator encoded by the KHDRBS1 gene, was also found in CGG RNA aggregates (Sellier
et al., 2010). However, overexpression of SAM68 was not sufficient to rescue neuronal
cell death induced by expression of expanded CGG repeats. Similarly to hnRNP A2/B1
that recruits CUGBP1 through protein-protein interactions, SAM68 did not bind directly
to CGG repeats and recruitment of SAM68 within CGG RNA aggregates occurred in
trans.

Sellier and collaborators (2013) found that DROSHA-DGCRS, the enzymatic complex
that processes pri-microRNAs into pre-miRNAs, associates directly with expanded CGG
repeats. Sequestration of DROSHA-DGCR8 within CGG RNA aggregates resulted in
reduced processing of pri-miRNAs in neuronal cells expressing expanded CGG repeats,
and overexpression of DGCR8 rescued neuronal cell death induced by expression of CGG
repeats (Sellier et al., 2013). DROSHA-DGCRS also recruits SAM68 to CGG repeats. Other
studies also demonstrated alteration of the expression of specific miRNAs in blood
samples of FXTAS patients and in Drosophila expressing CGG repeat (Alvarez-Mora et al.,
2013; Tan et al.,, 2012). These data suggest that misregulation of the processing and/or
of the expression of miRNA may be of importance for the pathogenicity of FXTAS.

10



Proteomic analysis performed by Jin and collaborators (2007) showed that Pura
(purine-rich binding protein a) binds to RNA containing expanded CGG repeats. Pura is a
single-stranded cytoplasmic DNA- and RNA-binding protein that has been implicated in
many biological processes, including RNA transport and translation. Importantly,
overexpression of Pura rescued neurodegeneration in a Drosophila model of FXTAS (Jin
et al., 2007). However, the presence of Pura within nuclear aggregates in FXTAS brain
samples was not consistently observed. Jin et al. (2007) found Pura in cytoplasmic
inclusions in Drosophila expressing 90 CGG repeats. In contrast, Pura was not identified
within the intranuclear inclusions in brain sections of mouse premutation models, or in
hippocampal or cortical brain sections derived from patients with FXTAS (Galloway et
al., 2009; lwahashi et al., 2006; Sellier et al., 2013). These results indicate that
composition of the inclusions may vary from one model organism to the other.

As with hnRNP A2/B1 that recruits CUGBP1, Pura recruits Rm62, the Drosophila
ortholog of the RNA helicase P68/DDX5 (Qurashi et al., 2011). Overexpression of Rm62
rescued neurodegeneration in flies expressing 90 CGG repeats, highlighting the
potential importance of P68/DDX5 to FXTAS pathology (Qurashi et al, 2011). Of
interest, the RNA helicases P68/DDX5 and DDX6 have been recently reported to be
involved in the unfolding of expanded CUG repeats in myotonic dystrophy (Laurent et
al., 2012; Pettersson et al., 2014). These data raise the hypothesis that regulating the
RNA structures of CUG expanded repeats in DM, or of CGG repeats in FXTAS may be of
therapeutic interest (Disney et al., 2012; Tran et al., 2014; Yang et al., 2015).

Finally, simultaneous studies by Peter Todd and David Nelson’s groups
demonstrated that overexpression of TDP-43, encoded by the TARDBP gene, suppresses
the neurodegeneration induced by expanded CGG repeats in Drosophila (Galloway et
al., 2009; He et al., 2014). Interestingly, the expression of Tardbp is down-regulated in
Purkinje neurons of a mouse model of FXTAS expressing the 5’"UTR of FMR1 with 90 CGG
repeats under the Pcp2 promoter (Galloway et al., 2009). TDP-43 is of special interest
for neurodegenerative diseases since protein inclusions of TDP-43 in neurons is a
histopathological hallmark of amyotrophic lateral sclerosis (ALS) (Neumann et al., 2006),
and mutation of TARDBP leads to amyotrophic lateral sclerosis and frontotemporal
dementia (ALS-FTD) (Kunst et al., 1994). Interestingly, TDP-43 is not found within the
RNA aggregates of CGG repeats, but requires the hnRNP A2/B1 homologues Hrb87F and
Hrb98DE to modulate the CGG repeat triggered toxicity (He et al.,, 2014). Overall, these
observations suggest that mutant FMR1 RNA containing expanded CGG repeats could
be pathogenic by sequestering specific RNA binding proteins, resulting in loss of their
normal functions, ultimately leading to neuronal cell dysfunction and death. In that
aspect, it remains to be determined whether expression of Pura, hnRNP A2/B1,
P68/DDX5, DROSHA-DGCR8, CUGBP1 or TDP-43 rescues any phenotype in mouse
models expressing expanded CGG repeats. Such functional rescue experiments will be
instrumental to determine the importance of these candidate RNA binding proteins to
FXTAS pathology.
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Inclusion Formation

The presence of eosinophilic intranuclear inclusions, broadly distributed throughout
the brain and brainstem of affected individuals (Greco et al., 2006; Greco et al., 2002;
Tassone et al., 2004) represent the neuropathological hallmark of FXTAS. These
inclusions are present as single, spherical (~2-5 um of diameter) particles that are found
exclusively within the nuclei. Inclusions have been identified in both neurons and
astrocytes throughout the cerebrum and the brain stem, including cells of the
ependymal and sub-ependymal layers (Tassone et al., 2004). They are most numerous in
the hippocampus and are rarely seen in Purkinje cells of the cerebellum (Greco et al.,
2006; Greco et al., 2002). Outside of the CNS, rare inclusions have been observed in
both the pineal and the posterior and anterior pituitary glands but also in the pancreas,
in the heart, in the thyroid and adrenal glands, in the Leydig cells of the testis, in ganglia
and in periadrenal fat tissue (Greco et al., 2007; Hunsaker et al., 2011). Inclusions have
also been observed in postmortem brain tissue of females with FXTAS (Hagerman et al,,
2004c; Tassone et al., 2012a).

Pioneering work from Hagerman and Tassone’s laboratories demonstrated that
these inclusions are ubiquitin-positive and contain various chaperone proteins such as
Hsp27, Hsp70 and aB-crystallin, but are negative for tau proteins, a-synuclein, or
polyglutamine (Greco et al., 2002; lwahashi et al., 2006). Importantly, these inclusions
also stain positive for the FMR1 RNA messenger as well as for its polyGlycine RAN-
translated product (Buijsen et al., 2014; Tassone et al., 2004; Todd et al., 2010)
suggesting that expression of mutant FMR1I mRNA may trigger inclusion formation. In
support of this hypothesis, the formation of inclusions can be recapitulated in neuronal
cell cultures using a minimal construct expressing an expansion of 99 CGG repeats
embedded within the 5’UTR of FMR1 (Arocena et al., 2005; Sellier et al., 2010; Todd et
al., 2010). Of interest, plasmids harboring either no expanded CGG repeats or expanded
CGG repeat but under an inactive promoter (no RNA) did not lead to inclusion
formation. Also, intranuclear inclusions formed even when the portion encoding FMRP
was deleted (Arocena et al., 2005; Todd et al., 2010). Thus, expression of the 5’UTR of
FMR1 containing a CGG repeat expansion is necessary and sufficient for the formation
of these inclusions.

These observations in neuronal cell cultures are consistent with the work of Jin et al.
(2003), who showed that expression in Drosophila of a construct containing the 5’UTR of
FMR1 with 90 CGG repeat induces the formation of cytoplasmic ubiquitin-positive
inclusions associated with neurodegeneration and eye pathology (Jin et al., 2003).
Similarly, a knock-in (KI) mouse model, in which the endogenous eight CGG repeats of
the murine Fmrl were replaced with an expansion containing ~100 CGG repeats of
human origin, demonstrated ubiquitin-positive nuclear inclusions and mild neuromotor
and behavioral disturbances (Brouwer et al., 2008; Van Dam et al., 2005; Willemsen et
al., 2003). A result confirmed by recent mouse models where heterologous expression
of the sole 5’"UTR of FMR1 containing expanded CGG repeats under strong chimeric
promoters is sufficient to cause cellular toxicity, despite the presence of normal Fmrl
alleles and unaltered expression of Fmrp (Hashem et al., 2009; Hukema et al., 2014).
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These animal models demonstrate that the expression of FMR1I mRNA containing
expanded CGG repeats is both necessary and sufficient to cause the pathological
features of human FXTAS (Berman et al., 2014).

RAN translation produces a polyglycine-containing protein in FXTAS.

What drives inclusion formation in FXTAS was unclear until recently. The working
hypothesis in the field was that the CGG RNA repeats were serving as a nidus for
inclusion formation by nucleating together a set of RNA binding proteins. However,
while some inclusions in brain samples of FXTAS patients contain mutant FMR1 RNA
with expanded CGG repeats (Tassone et al., 2004), mouse models in which express
expanded CGG repeats show numerous ubiquitin-positive inclusions but only rarely RNA
aggregates, suggesting that other factors might trigger inclusion formation (Sellier et al.,
2013). Moreover, the inclusions observed in FXTAS are ubiquitin positive, which is a
characteristic not commonly observed in other RNA-dominant disorders such as
Myotonic Dystrophy.

A hint for how nucleotide repeats in the 5’UTR of a messenger RNA might trigger
inclusion formation came with the discovery of Repeat associated non-AUG (RAN)
translation by Laura Ranum and colleagues (Zu et al., 2011). They found that expression
of either CAG in cells outside the context of an AUG-initiated open reading frame were
capable of supporting translational initiation and production of homopolymeric
proteins. Surprisingly, this RAN translation occurred in all three possible reading frames
to produce polyglutamine, polyalanine, and polyserine containing proteins. Initiation
was largely independent of the surrounding sequence context but was influenced by the
cell type in which the repeats were expressed and was somewhat different for different
repeat frames. They then established that these alternative “RAN” products
accumulated in tissues in animal models of Spinocerebellar Ataxia type 8 and in
lymphoblasts from patients with DM1 (where a CAG repeat is expressed as an antisense
transcript). Since these initial observations, RAN translation has been reported in
association with CUG repeats (as seen in DM1) and with both GGGGCC and CCCCGG
repeat expansions in C9orf72 that cause ALS and Frontotemporal Dementia (Ash et al.,
2013; Gendron et al., 2013; Mori et al., 2013a; Mori et al., 2013b; Zu et al., 2011; Zu et
al., 2013).

Todd and colleagues (2013) independently discovered that placement of CGG
repeats upstream of a fluorescent reporter protein (GFP) in certain reading frames led
to aggregation of GFP in transfected cells and in Drosophila. This aggregation was
associated with production of a higher molecular weight species that resulted from
translational initiation within the 5’UTR just above the CGG repeat. They were able to
demonstrate by mass spectroscopy and biochemical analysis that this unconventional
translational initiation (CGG RAN translation) occurred at one of several “near” AUG
codons (one nucleotide different from AUG) to produce products in two reading frames,
producing a polyglycine containing protein (FMRpolyG) and a polyalanine containing
protein (FMRpolyA) (Todd et al., 2013). Production of FMRpolyG was confirmed in
patients by use of antibodies generated against the predicted C terminus of this novel
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protein. The FMRpolyG protein was found in a fraction of ubiquitinated inclusions in
brain autopsy samples from patients (Todd et al., 2013). Recent studies with a second
set of antibodies covering different N-terminal and C-terminal epitopes revealed that
most of the ubiquitin-positive inclusions observed in FXTAS brain sections are also
FMRpolyG positive (Buijsen et al., 2014).

A role for FMRpolyG in disease pathogenesis is supported by work in Drosophila. In
both transfected cells and in flies, it was demonstrated that moving the repeat to the
3’UTR or placing a stop codon just above the repeat prevented FMRpolyG production
and suppressed CGG repeat associated toxicity. In contrast, placing an AUG start codon
above the repeat enhanced FMRpolyG production and led to greater lethality in flies
and cells. However, the mechanism by which FMRpolyG induces toxicity is still unclear.
Impairment of the ubiquitin proteasome system (UPS) enhances CGG repeat associated
toxicity (Handa et al, 2005; Oh et al., 2015; Todd et al.,, 2013) and expression of
chaperone proteins such as HSP-70 suppresses CGG repeat associated toxicity in flies
(Jin et al., 2003). This genetic interaction between UPS impairment and CGG toxicity is
largely driven by RAN translation (Oh et al., 2015). Moreover, RAN translation is capable
of triggering UPS impairment in transfected cells (Oh et al, 2015). Together these
studies suggest that failures in protein quality control are likely one method by which
RAN translation cause toxicity, but future work will be needed to define how this
unusual process contributes to FXTAS pathogenesis.

Disruption of LaminA/C architecture.

Among the various proteins that Iwahashi and collaborators identified within the
inclusions in brain samples of FXTAS patients (lwahashi et al., 2006), the lamin A/C
proteins are of special interest. Lamin proteins constitute a matrix of protein that is
located next to the inner nuclear membrane and that is involved in nuclear stability,
chromatin structure and gene expression. Mutations in the LMNA gene, which encodes
both lamin A and C splicing forms, are associated with several diseases called
laminopathies, including limb girdle and Emery-Dreyfuss muscular dystrophies, dilated
cardiomyopathy, lipodystrophy, Charcot-Marie-Tooth disease and Hutchinson-Gilford
progeria syndrome. Interestingly, nuclear organization of lamin A/C is disrupted in MEF
of knock-in mice expressing ~200 CGG repeats, as well as in skin fibroblasts of FXTAS
patients with loss of the typical architecture of lamin A/C within the nuclear ring (Garcia-
Arocena et al., 2010). These alterations of the lamin A/C structure can be recapitulated
in cell cultures upon transfection of a minimal construct expressing expanded CGG
repeats embedded within the 5’UTR of FMR1 (Arocena et al., 2005; Hoem et al., 2011;
Sellier et al., 2010). Also, the expression of Lmna mRNA is decreased in Purkinje neurons
of a mouse model of FXTAS expressing 90 CGG repeats under the Pcp2 promoter
(Galloway et al., 2014). In contrast, the expression of LMNA mRNA is increased while the
amounts of soluble protein of Lamin A and C are slightly reduced in brain samples of
FXTAS patients (Garcia-Arocena et al., 2010). Overall, these results suggest that lamin
A/C architecture and expression are altered in FXTAS, however it remains to determine
the molecular mechanism leading to these alterations. It is therefore intriguing that
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recent data on GGGGCC repeat expansions in C9orf72 which cause ALS and FTD are
associated with changes in nuclear envelope architecture and nuclear pore complex
function (Freibaum et al.,, 2015; Jovicic et al., 2015; Zhang et al., 2015). Thus, the
pathological consequences of lamin alterations in FXTAS are an exciting area of research
in need of further exploration.

Mitochondrial dysfunction

Mitochondrial biogenesis plays a central role in neurogenesis and neuroplasticity
and several studies have demonstrated significant mitochondrial dysfunction in
premutation carriers (Kaplan et al., 2012; Napoli et al., 2011; Ross-Inta et al., 2010),
both with and without fragile X-associated tremor ataxia syndrome (FXTAS). Specifically,
altered biochemical characteristics pointing to a lower ATP production, including
decreased NAD- and FAD-linked oxygen uptake rates, decreased mitochondrial protein
expression, increased oxidative/nitrative stress and altered zinc bioavailability were
demonstrated in both cultured dermal fibroblasts and brain samples from premutation
carriers with and without FXTAS, within a wide range of CGG repeats (Napoli et al.,
2011; Ross-Inta et al., 2010). Kaplan et al. (2012) observed fewer mitochondria and
greatly reduced mitochondria mobility in hippocampal neuronal culture from preCGG KI
mice, expressing low FMRP levels and higher Fmrl mRNA than that measured in wild
type during the early stages of development. In addition, preCGG neurons presented
with abnormal metabolic function including higher rates of basal oxygen consumption,
ATP production and proton leak. The authors suggested that deficits in mitochondrial
trafficking and metabolic function could play a role in the early pathophysiology
observed in premutation carriers and also potentially contribute to the risk of
developing FXTAS.

In addition, an altered Ca2+ regulation was reported in both neuronal cultures from
the premutation mouse model (Fmrl preCGG mouse) (Cao et al., 2012) but also in iPSC
derived from premutation carriers (Liu et al., 2012). The impaired Ca2+ regulation was
associated with alteration of the most abundant excitatory neurotransmitter in the
vertebrate CNS, the Glutammate, with a decrease in the expression of GLT-1 and GLAST
Glutamate uptake and of their expression levels in astrocytes cultures from preCGG
mice and in postmortem cerebellum of PM carriers with FXTAS compared with age
matched controls. Higher CGG repeat number had the greatest reductions in both
proteins (Cao et al., 2013; Pretto et al., 2014b). Abnormal clustered burst (CB) firing
electrical activity and abnormal patterns of synchronized calcium oscillations in the
cytosol were also observed with the premutation mouse neurons, which, interestingly,
were reversed with mGIuR5 antagonists or the GABAA receptor positive modulator
allopregnanolone (Cao et al.,, 2012) making it a potential candidate for a beneficial
therapeutic approach in FXTAS.

Finally, shorter telomeres have been observed in a number of neurodegenerative
conditions including Alzheimer disease, cell senescence, and also in Down syndrome
(Jenkins et al., 2006; Panossian et al., 2003). The role of telomeres includes protection
against degeneration; they also appear to be essential for chromosomal stability and
could lead to cell senescence. Telomere shortening has also been observed in a small
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sample of male carriers of the premutation (Jenkins et al., 2008) with FXTAS and with or
without dementia. However, further studies are warranted to establish if telomere
shortening could be considered a biomarker for the cellular dysfunction observed in
FXTAS.

The above observations suggest that many triggering events (Figure 2) can be
associated with CGG expansion leading to cellular dysregulation and dysfunction and
ultimately, potentially, to neurodegeneration and FMR1 associated disorders.
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Fig. 6.2 Diagram showing the molecular alterations of premutation expanded alleles
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CGG binding proteins, miRNA dysregulation and RAN translation.
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Fragile X-associated Tremor/Ataxia Syndrome (FXTAS)
is a neurodegenerative disorder caused by expansion of
55-200 CGG repeats in the 5-UTR of the FMRI gene.
FXTAS is characterized by action tremor, gait ataxia and
impaired executive cognitive functioning. It has been
proposed that FXTAS is caused by titration of RNA-binding
proteins by the expanded CGG repeats. Sam68 is an RNA-
binding protein involved in alternative splicing regulation
and its ablation in mouse leads to motor coordination
defects. Here, we report that mRNAs containing expanded
CGG repeats form large and dynamic intranuclear RNA
aggregates that recruit several RNA-binding proteins
sequentially, first Sam68, then hnRNP-G and MBNLI.
Importantly, Sam68 is sequestered by expanded CGG
repeats and thereby loses its splicing-regulatory function.
Consequently, Sam68-responsive splicing is altered in
FXTAS patients. Finally, we found that regulation of
Sam68 tyrosine phosphorylation modulates its localization
within CGG aggregates and that tautomycin prevents both
Sam68 and CGG RNA aggregate formation. Overall, these
data support an RNA gain-of-function mechanism for
FXTAS neuropathology, and suggest possible target routes
for treatment options.
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Introduction

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a
recently identified neurodegenerative disorder that affects
principally older adult males who are carriers of pre-mutation
expansions (55-200 CGG repeats) in the 5-untranslated
region (UTR) of the Fragile X Mental Retardation-1 (FMRI)
gene (Hagerman et al, 2001; Hagerman and Hagerman, 2004;
Ostra and Willemesen, 2009). The major clinical features of
FXTAS are progressive intention tremor and gait ataxia, with
more variable associated features, including parkinsonism,
dysautonomia, anxiety, peripheral neuropathy and cognitive
decline (Jacquemont et al, 2003). The neuropathological
hallmark of FXTAS is the presence of ubiquitin-positive intra-
nuclear inclusions in both astrocytes and neurons throughout
the brain (Greco et al, 2002). It is estimated that nearly 1 in
3000 males has a lifetime risk of developing FXTAS, which
would make FXTAS one of the most common single gene
causes of tremor, ataxia and cognitive decline among older
adults (Jacquemont et al, 2004).

In Fragile X syndrome full mutations (>200 CGG repeats)
result in hypermethylation and silencing of the FMRI gene. In
contrast, carriers of the pre-mutation alleles (55-200 CGG
repeats) have increased FMR1 mRNA levels but normal, or
moderately low, FMR1 protein expression, especially in the
upper pre-mutation range (Tassone et al, 2000a, b; Kenneson
et al, 2001; Primerano et al, 2002). These observations,
coupled with the fact that mRNAs containing expanded
CGG repeats accumulate in intranuclear aggregates, suggest
a toxic RNA gain-of-function model for FXTAS (Tassone et al,
2004). In support of this hypothesis, a knock-in (KI) mouse
model, in which the endogenous eight CGG repeats in the
Fmrl gene has been replaced with an expansion containing
~100 CGG repeats of human origin, shows ubiquitin-positive
intranuclear inclusions and mild neuromotor and behaviour-
al disturbance (Willemsen et al, 2003; Van Dam et al, 2005;
Brouwer et al, 2008). Furthermore, sole expression of mRNAs
containing 90 CGG repeats outside the context of Fmrl in a
transgenic mouse model is sufficient to recapitulate the
neuropathological and molecular features of FXTAS
(Hashem et al, 2009). Similarly, heterologous expression of
90 CGG repeats in Drosophila is sufficient to cause neurode-
generation along with formation of neuronal inclusions
(Jin et al, 2003). These models show that sole expression of
expanded CGG repeats is necessary and sufficient to cause a
pathology similar to human FXTAS, and thus indicate that the
expanded CGG repeats in RNA are the likely cause of the
neurodegeneration in FXTAS.

The FXTAS toxic RNA gain-of-function model show simi-
larities with Myotonic Dystrophies (DM), where expanded
CUG or CCUG repeats accumulate in nuclear RNA aggregates
that sequester the Muscleblind-like (MBNL1) splicing factor.
In DM, partial depletion of the free pool of MBNL1 leads to

©2010 European Molecular Biology Organization
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specific alternative splicing changes, which ultimately result
in the symptoms of DM (Ranum and Cooper, 2006; Wheeler
and Thornton, 2007). Extending this model to FXTAS, ex-
panded CGG repeats are predicted to sequester specific
proteins resulting in loss of their normal molecular functions.
Several proteins, including a number of heat-shock proteins,
Pura, hnRNP-A2/B1, CUGBP1, MBNL1, lamin-A/C and MBP
were found to localize with ubiquitin-positive inclusions in
CGG-expressing Drosophila, KI mouse model and FXTAS
patients (Iwahashi et al, 2006; Jin et al, 2007; Sofola et al,
2007). However, these proteins were not found to be seques-
tered by expanded CGG repeats and consequently they are
not expected to lose their functions in FXTAS patients.

In this study, we found that in contrast to CUG repeats,
expanded CGG repeats accumulate in dynamic intranuclear
RNA structures that expand over time. Formation of giant
CGG RNA aggregates ultimately results in disorganization of
the nuclear lamin structure and cell death. MBNL1 and
hnRNP-G proteins were found localized within CGG aggre-
gates but only in the larger inclusions and at late time points
after transfection, suggesting these are not the primary
defects. In contrast, we identified the Src-Associated sub-
strate during mitosis of 68-kDa (Sam68) protein as the only
protein that colocalizes with CGG RNA aggregates at each
time point. Sam68 is a nuclear RNA-binding protein involved
in alternative splicing regulation (Stoss et al, 2001; Paronetto
et al, 2007; Chawla et al, 2009), and its ablation in a mouse
knock-out model leads to motor coordination defects
(Lukong and Richard, 2008). Sam68 splicing activity, RNA-
binding ability and localization are regulated by phosphor-
ylation (Haegebarth et al, 2004; Lukong et al, 2005), and
Sam68 interacts with various RNA-binding proteins through
several protein-protein interaction domains (Lukong and
Richard, 2003). We found that Sam68 is required for subse-
quent aggregation of MBNL1 and hnRNP G proteins within
CGG aggregates. Most importantly, Sam68 is sequestered by
expanded CGG-repeat aggregates and thereby loses its spli-
cing-regulatory function. As a consequence, Sam68-regulated
splicing is altered in FXTAS patients. Finally, we found that
regulation of Sam68 phosphorylation modulates its localiza-
tion within CGG aggregates. Strikingly, among the various
kinase and phosphatase inhibitors tested, we found one,
tautomycin, which not only prevents Sam68 colocalization
within CGG aggregates, but also abolishes CGG RNA aggre-
gate formation.

Results

Expanded CGG repeats form dynamic nuclear RNA
aggregates that expand over time

We first questioned whether pre-mutation-length CGG re-
peats can form nuclear RNA aggregates in cultured cells.
We transfected plasmids expressing either 20, 40, 60 or 100
CGG repeats under the control of a cytomegalovirus (CMV)
promoter in various cell lines, and tested the formation of
CGG aggregates by RNA fluorescence in situ hybridation
(FISH) analysis. We confirmed the specificity of the FISH
conditions, and the RNA composition of CGG aggregates, as
they were sensitive to RNAse treatment (Supplementary
Figure S1). Consistent with an RNA gain-of-function model,
expression of 60 or 100 CGG repeats within COS7 cells
generated numerous intranuclear CGG aggregates, whereas
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expression of 20 CGG repeats did not (Figure 1A). Expression
of 40 CGG repeats resulted in an intermediate condition with
formation of rare small intranuclear aggregates. This is con-
sistent with observations in FXTAS patients in whom it is
estimated that ‘normal’” CGG polymorphic repeat lengths are
5-45 repeats long, ‘gray zone’ alleles contain 45 to 55 repeats
and FXTAS patients are defined by pre-mutation allele con-
taining 55-200 CGG repeats (Tassone et al, 2007; Leehey et al,
2008).

Next, expression of CGG aggregates was investigated in
various cell types. Transfection of constructs containing 60
CGG repeats led to intranuclear CGG RNA aggregate forma-
tion in primary cultures of hippocampal embryonic mouse
neurons, as well as in various immortalized cell lines such as
neuronal (differentiated PC12), ovarian (SKOV3 and SW626)
and kidney (COS7)-derived cell lines (Figure 1B). However,
no aggregates were observed in A172, U-937, THP1, HelLa,
HEK293, NG108-15, IMR-32, Neuro-2a, SH-SY5Y, SK-N-MC or
SK-N-SH cell lines (data not shown), confirming a previous
report that not all cell lines can support CGG-repeat aggregate
formation (Arocena et al, 2005). Tests of colocalization
with various nuclear structures indicated that in transfected
cells most of the CGG aggregates are associated with nuclear
speckles, but not with other structures such as lamin,
nucleoli, PML, Gems or Cajal bodies (Supplementary
Figure S2A).

Finally, kinetic formation of CGG aggregates was investi-
gated. COS7 cells were transfected with a plasmid expressing
60 CGG repeats and analysed by RNA FISH either 24, 48 or
72h after transfection. Surprisingly, expanded CGG repeats
formed dynamic nuclear structures that expanded over time,
resulting in giant inclusions, nuclear lamin architecture dis-
ruption and cell death 72-96 h after transfection (Figure 1C).
In contrast, expanded CUG (DM1 mutation) or AUUCU
(SCA10 mutation) repeats were less toxic and formed stable
nuclear aggregates, whose size did not evolve over time
(Supplementary Figure S2B). Annexin-V-PE apoptosis
tests were negative indicating that the cytotoxicity of CGG
repeats is not linked to apoptotic cell death (data not shown),
and in agreement with a previous report (Arocena et al,
2005) no ubiquitin-positive aggregates were observed in
transfected cells.

CGG aggregates recruit Samé68, then MBNL1

and hnRNP G

To identify which proteins are associated with expanded CGG
repeats, we first adopted an in vitro approach. Proteins
extracted from mouse brain or COS7-cell nuclei were cap-
tured on streptavidin resin coupled to biotinylated in vitro-
transcribed RNA composed of 60 CGG repeats, eluted, sepa-
rated on SDS-PAGE gels and identified by MALDI-TOF ana-
lysis. More than 20 proteins were identified (Supplementary
Table 1), including a heat-shock protein and several RNA-
binding proteins, including MBNL1 and hnRNP-G.

To discard non-specific binding proteins, we tested for
colocalization of these candidates with RNA aggregates in
COS?7 cells transfected with 60 CGG repeats. CGG aggregates
expand over time, suggesting that these repeats may recruit
different proteins at different time points. Thus, we tested our
candidates at 24 and 72 h after transfection (Figure 2A and B).
Colocalization of MBNL1 within CGG aggregates increased
from 14% at 24 h to 41 % at 72 h after transfection. Similarly,
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Figure 1 Expanded CGG repeats form intranuclear RNA aggregates. (A) COS7 cells were transfected with a plasmid expressing either no (a),
20 (b), 40 (c), 60 (d) or 100 (e) CGG repeats, transferred to 0.1 % serum to block cell divisions and analysed 24 h after transfection by RNA FISH
using a (CCG)gx-Cy3 DNA probe. (B) Primary cultures of hippocampal embryonic mouse neurons (a), differentiated PC12 (b), SKOV3 (c) and
COS7 (d) cells were transfected with a plasmid expressing 60 CGG repeats and analysed 24 h after transfection by FISH. (C) COS7 cells were co-
transfected with a plasmid expressing 60 CGG repeats and a plasmid expressing GFP-tagged lamin-A, and analysed by RNA FISH either 24 (a),
48 (b) or 72 (c) hours after transfection. In all the figures, the magnification is x 630. The scale bars represent 10 um; nuclei were
counterstained with DAPI and one representative experiment from at least three separate experiments is shown.

colocalization of hnRNP-G increased from 26 to 73%
(Figure 2D), suggesting that CGG aggregates form dynamic
structures, which constantly recruit proteins.

By contrast, other in vitro-identified candidates such
as SPNR, hnRNP-Al, hnRNP-A2/B, hnRNP-C, hnRNP-D,
hnRNP-E and hnRNP-H showed no or very little colocaliza-
tion with RNA aggregates, and any colocalization observed
was only within the giant CGG aggregates that form just
before cell death (data not shown). We also observed that
neither CUGBP1, nor Pura, colocalized with CGG aggregates
in COS7-transfected cells.

These results suggest that MBNL1 and hnRNP-G are not
initially recruited by CGG repeats, but join the larger aggre-
gates later on, probably through protein-protein interactions.
On the basis of that hypothesis, we searched for proteins that
would colocalize with expanded CGG repeats early after
transfection, and may capture other RNA-binding proteins
through RNA or protein interactions. We screened ~ 50
candidates known to bind to RNA or RNA-binding proteins
(Supplementary Table 2 and data not shown) and found

1250 The EMBO Journal VOL 29 | NO 7| 2010

one, Sam68, that consistently co-localized with CGG
RNA aggregates at each time point, including the earliest
(Figure 2C and D).

Next, we confirmed by FISH/IF that endogenous Sam68
colocalized with CGG aggregates in neuronal-differentiated
PC12 cells (Figure 2C). Similar to COS7 cells, endogenous
MBNLI1 and hnRNP-G were not recruited within CGG aggre-
gates in PC12 cells 24 h after transfection. We were not able to
test Sam68, MBNL1 or hnRNP-G colocalization within CGG
aggregates at later transfection time points as PC12 cells are
very sensitive to CGG toxicity and die after less than 48 h of
CGG expression.

Sam68 is a nuclear protein involved in various aspects of
mRNA metabolism and interacts with several RNA-binding
proteins, raising question its specificity towards CGG aggre-
gates versus other expanded RNA repeats. COS7 cells were
transfected by plasmids expressing either expanded CGG,
CUG, CCUG or AUUCU repeats, which are the cause of
FXTAS, DM1, DM2 and SCAI10 diseases, respectively. We
found that 24 or 72h after transfection, endogenous Sam68

©2010 European Molecular Biology Organization
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Figure 2 Sam68 colocalizes with CGG RNA aggregates. (A) COS7 cells were transfected with a plasmid expressing 60 CGG repeats and
analysed by FISH/IF using an antibody against MBNL1 (a) 24 h after transfection. None of the antibodies against hnRNP-G that we tested
supported FISH conditions. Consequently, endogenous hnRNP-G (b) was analysed by co-transfection of COS7 cells with a plasmid expressing
60 CGG repeats fused to three MS2 tags and a plasmid expressing the GFP-MS2 Coat Protein. The MS2 Coat Protein (MS2CP) possesses a very
high and specific affinity for MS2 RNA tags. Endogenous hnRNP-G (b) was detected by IF and the CGG aggregates by localization of the GFP-
MS2CP protein, which is bound to the MS2-(CGG)4ox RNA. In the absence of MS2-(CGG)gox, GFP-MS2CP was diffuse in the nucleoplasm (data
not shown). (B) Similar to panel A but analysed 72 h after transfection. (C) COS7 cells (a, b) or differentiated PC12 neuronal cells (c) were
transfected with a plasmid expressing 60 CGG repeats and analysed by FISH/IF using an antibody against Sam68, 24 h (a and c) or 72 h after
transfection (b). (D) The percentage of endogenous Sam68, MBNL1 and hnRNP-G colocalized within CGG RNA aggregates in transfected COS7
cells 24 or 72 h after transfection. In all the experiments, three independent transfections totalling a hundred cells were counted, and results are
presented as mean *s.d.

colocalized only with CGG RNA aggregates, but not with N-terminal extended region of the Sam68 protein, did not
other expanded RNA repeats (Figure 3). These results suggest colocalize with expanded CGG aggregates 24 h after transfec-
that Sam68 is a specific and early component of CGG tion. The N-terminal part of the Sam68 protein consists of a
aggregates in FXTAS. number of potential protein-protein interaction domains,
suggesting that association of Sam68 with CGG repeats
Same68 is essential for recruitment of MBNL1 might not be direct but mediated through protein-protein
and hnRNP-G within CGG aggregates interactions.
Sam68 is recruited earlier than MBNL1 and hnRNP-G, sug- Finally, we tested whether Sam68 is required for colocali-
gesting sequential recruitment of proteins within the CGG zation of MBNL1 and hnRNP-G within CGG aggregates.
aggregates. Furthermore, Sam68 protein contains several Transfection of COS7 cells with an shRNA directed against
protein-protein interaction domains, raising the question Sam68 greatly reduced (>80%) the expression of endogen-
whether Sam68 directly recruits hnRNP-G and MBNLI. In ous Samo68 (Figure 4C). Importantly, depletion of endogenous
agreement with a previous report (Venables et al, 1999), we Sam68 abolished the colocalization of MBNL1 and hnRNP-G
found by co-immunoprecipitation that Sam68 interacts with within CGG aggregates (Figure 4 and Supplementary Table 3).
hnRNP-G. However, we found no robust interactions between These data show that Sam68 protein is required for subse-
MBNL1 and Sam68 or between MBNL1 and hnRNP-G quent recruitment of MBNL1 and hnRNP-G proteins within
(Supplementary Figure S3A). CGG aggregates.
Next, we mapped the domain required for Sam68 coloca-
lization with CGG aggregates. Sam68 protein contains a Samé68 colocalizes with CGG aggregates in FXTAS
central KH RNA-binding domain, and N- and C-terminal patients
protein-protein interaction domains. Deletion of the Sam68 Next, we tested whether Sam68 protein colocalizes with
N-terminal domain abolished colocalization with CGG aggre- endogenous CGG aggregates. We first analysed the localiza-
gates, whereas deletion of the Sam68 RNA-binding domain tion of endogenous Sam68 and CGG repeats in the brain
did not (Supplementary Figure S3B). Similarly, Sam68 para- sections of a KI mouse model, in which endogenous CGG
log proteins, SIm1 and SIm2 (T-Star), which are devoid of the repeats had been replaced with an expansion of 98 CGG
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a plasmid expressing either 60 CGG repeats (A), 160 AUUCU repeats
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Sam68 and CGG repeats were analysed 24 h after transfection by
FISH/IF.
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repeats (Willemsen et al, 2003). FISH/IF experiments showed
the presence of intranuclear CGG aggregates that colocalized
with Sam68 in mice expressing 98 CGG repeats (Figure 5A).
By contrast, no RNA aggregates were detected and Sam68
was diffuse throughout the nucleoplasm in control mice
(Figure 5A).

Then, we investigated the presence of Sam68 and CGG
aggregates in FXTAS patients. FISH/IF experiments show
that Sam68 consistently colocalized with CGG intranuclear
RNA aggregates in the brain sections of FXTAS patients
(Figure 5B), but neither Sam68 nor CGG aggregates were
found in control brain tissue (Figure 5B). We noted that in
FXTAS patients, Sam68 and CGG aggregates were larger and
more frequent than in KI mice. This is consistent with the
milder neuromotor and behavioural disturbances observed in
KI mice as compared with that in FXTAS patients (Willemsen
et al, 2003; Van Dam et al, 2005).

Finally, presence of Sam68 aggregates in brain sections of
FXTAS patients was confirmed by immunohistochemistry. In
brain sections of control patients, Sam68 was diffuse within
the nucleoplasm and no detectable Sam68 inclusions were
found. In contrast, large intranuclear aggregates of Sam68
were observed in FXTAS patients (Figure 5C), thus confirm-
ing that CGG expanded repeats alter Sam68 localization.

Samé68 protein is partially immobilized within CGG
expanded repeats

An RNA gain-of-function model for FXTAS predicts that CGG
expanded repeats should immobilize Sam68 protein and

The EMBO Journal VOL 29 | NO 7| 2010

deplete its molecular activity. To test Sam68 sequestration
by CGG repeats, we first analysed its mobility by FRAP
(Fluorescence Recovery After Photobleaching) experiments.
FRAP of transfected GFP-Sam68 was measured in nuclear
regions containing Sam68 aggregates and compared to nucle-
ar regions containing diffuse Sam68 either located within the
same nucleus or located in the nuclei of cells not transfected
with CGG repeats (Figure 6A). In both cases, nucleoplasmic
areas without Sam68 aggregates recovered ~95% of their
initial fluorescence after photobleaching, whereas areas con-
taining Sam68 aggregates recovered only ~60% of their
initial fluorescence (Figure 6B). This shows that a fraction
of Sam68 is less mobile in CGG-transfected cells.

Samé68 depletion by CGG repeats affects alternative
splicing

Samo68 is a nuclear RNA-binding protein with roles in alter-
native splicing regulation (Stoss et al, 2001; Paronetto et al,
2007; Chawla et al, 2009). According to the RNA gain-of-
function model, titration of free nuclear Sam68 into CGG
nuclear aggregates should deplete its functional activity and
result in detectable pre-mRNA splicing alterations. To test this
hypothesis, we co-transfected constructs encoding expanded
CGG repeats with minigenes that recapitulate splicing events
directly regulated by Sam68.

In agreement with a previous report (Paronetto et al,
2007), overexpression of Sam68 with a Bcl-x minigene re-
pressed the formation of the long splicing form, Bcl-xL. We
found that overexpression of expanded CGG repeats repro-
duced a depletion of Sam68 and stimulated the expression of
Bcel-xL (Figure 7A). Next, Sam68 paralogues SLM1 and SLM2
are known to regulate the alternative splicing of exon-7 of the
survival motor neuron-2 (SMNZ2) pre-mRNA (Stoss et al,
2004); thus we tested whether Sam68 also regulates SMN2
splicing. We found that overexpression of Sam68 modestly
repressed the inclusion of the exon-7 of an SMN2 minigene,
while expression of CGG repeats reproduced a depletion of
Sam68 and stimulated the inclusion of that exon (Figure 7B).
Finally, in a bioinformatic analysis, we identified a novel
exon in intron-28 of the human ATPIIB gene, which was
predicted to be specifically included in the central neural
system (Clark et al 2007; Liu et al, 2009). We constructed a
minigene in which ATPIIB exon-28B and ~300bp of its
flanking introns were bordered by B-globin exons and co-
transfection experiments showed that Samé68 activated its
inclusion. In contrast, overexpression of CGG repeats repro-
duced a depletion of endogenous Sam68 by shRNA and
repressed exon-28B inclusion (Figure 7C).

hnRNP-G and MBNLI are also recruited within CGG
aggregates, raising the question whether the splicing defects
observed in CGG expressing cells are only due to Sam68
sequestration. To test that hypothesis, we used a mutant of
Sam68 deleted of its N-terminal domain (Sam68ANter),
which was no longer recruited within CGG aggregates
(Supplementary Figure S3B), but was still able to regulate
alternative splicing (Supplementary Figure S4). Co-transfec-
tion of Sam68ANter rescued the splicing defects caused by
expression of CGG repeats (Supplementary Figure S4), sug-
gesting that the splicing alterations observed in CGG-expres-
sing cells were mostly due to sequestration of Sam68.

©2010 European Molecular Biology Organization
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Figure 4 Samo68 is essential for recruitment of MBNL1 and hnRNP-G within CGG aggregates. (A) COS7 cells were co-transfected with a plasmid
expressing 60 CGG repeats and a plasmid expressing either a control LacZ shRNA (a), or a Sam68 shRNA (b), and analysed 72 h after transfection
by FISH/IF. Endogenous MBNL1 was detected by IF using an Alexa-488-labelled secondary antibody. Simultaneous detection of Sam68 by IF using
a Cy5-labelled secondary antibody confirmed shRNA-mediated depletion of endogenous Sam68. (B) Endogenous hnRNP-G cannot be detected by
FISH/IF. Thus, COS7 cells were co-transfected with a plasmid expressing 60 CGG repeats, a plasmid expressing GFP-hnRNP-G and either control
(a) or Sam68 (b) shRNA and analysed 72 h after transfection by FISH. (C) shRNA-mediated depletion of endogenous Sam68 was confirmed by
western blotting against Sam68. (D) The percentage of endogenous Sam68, MBNL1 and GFP-hnRNP-G colocalized within CGG RNA aggregates
72h after transfection in COS7 cells transfected with a plasmid expressing either a control or a Sam68 shRNA.

Alternative splicing is altered in FXTAS patients

Sam68 has reduced nuclear spatial mobility and splicing
regulatory function in CGG-expressing cells; so we tested
whether alternative pre-mRNA splicing is altered in human
FXTAS patients. RT-PCR analysis of ATP11B alternative spli-
cing in brain samples of control and FXTAS patients showed a
significant decrease of exon-28B inclusion from 47 +£2% in
control to 31+8% in FXTAS patients (P<0.005). We con-
firmed these results by qRT-PCR and found that expression of
ATP11B exon-28B is downregulated in FXTAS patients as
compared with that in a control (Figure 8A). Similarly, we
tested by qRT-PCR the expression of exon-7 of the SMN2

©2010 European Molecular Biology Organization

pre-mRNA and found it under-expressed in FXTAS patients
(Figure 8B). By contrast, we found no significant differences
in the expression of SMN1 exon-7, which is consistent with
no alternative splicing regulation of that exon. These results
are consistent with alternative splicing being altered in
FXTAS patients.

Tyrosine phosphorylation of Samé68 regulates

its recruitment within CGG aggregates

Sam68 is a substrate of the SIK/BRK-tyrosine kinase, which
regulates the RNA-binding ability and localization of the
Sam68 protein (Derry et al, 2000; Haegebarth et al, 2004;

The EMBO Journal
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Figure 5 Sam68 colocalizes with endogenous CGG aggregates.
(A) Brain sections of mouse expressing either control eight CGG
repeats (a) or expanded 98 CGG repeats (b) were analysed by
FISH/IF. (B) Similar to panel A. Brain sections (hippocampal
area) of age-matched control (a) or FXTAS (b) patients were
analysed by FISH/IF. Magnification: x 630. Scale bar, 10pm.
(C) Brain (hippocampal area) sections of age-matched control (a)
or FXTAS (b) patients were analysed by immunohistochemistry
directed against Sam68. Magnification: x 350.

Lukong et al, 2005). We thus tested the effect of Sam68
phosphorylation on the formation of CGG aggregate. We
found that expression of SIK/BRK disrupted Sam68 protein
localization within CGG aggregates and returned Samé68 to a
free nucleoplasmic localization (Figure 9A and B). Sam68 is
tyrosine-phosphorylated in response to EGF treatment
(Lukong et al, 2005). We found that inhibition of the EGFR
tyrosine kinase pathways through tyrphostin/AG490 treat-
ment stimulated the recruitment of Sam68 within CGG ag-
gregates, leading to formation of large aggregates at early
time points. By contrast, treatment of transfected cells with
dephostatin, a tyrosine phosphatase inhibitor, reduced the
recruitment of Sam68 within CGG aggregates (Figure 9A and
B). These data suggest a model in which tyrosine phospho-
rylation of Sam68, mediated by the EGFR-SIK/BRK tyrosine
kinase pathway, reduces the recruitment of Sam68 within
CGG aggregates (Supplementary Figure S6A).

We confirmed that Sam68 phosphorylation was stimulated
by transfection of the SIK/BRK kinase or by inhibition of
tyrosine phosphatase pathways through dephostatin treat-
ment. By contrast, inhibition of the EGFR pathway (tyrphos-
tin/AG490 treatment) reduced Samé68 phosphorylation
(Figure 9C).
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Figure 6 FRAP analysis uncovers an immobile fraction of GFP-
Sam68 within CGG aggregates. (A) Photobleaching was performed
24 h after transfection of COS7 cells with GFP-Sam68 and a plasmid
expressing either no CGG repeats (a) or 60 CGG repeats (b). The
white circles denote the photobleached regions in the aggregates
and the nucleoplasm. Representative images show a single z-section
obtained before photobleaching (pre-bleach) and at the indicated
time points after photobleaching. (B) Recovery curves of photo-
bleached aggregates and nucleoplasm in cells expressing 0 or 60
CGG repeats are shown as relative fluorescence intensity versus
time. In CGG-expressing cells, recovery reached a plateau at ~60%
around 300s. Each data point is the average of 10 nuclei. The error
bars indicate the s.e.m.s.

Tyrosine phosphorylation of Sam68 inhibits its splicing
activity (Paronetto et al, 2007). We found that transfection
of SIK/BRK or dephostatin treatment, both of which induced
Sam68 tyrosine phosphorylation (Figure 9C), modified the
splicing of ATP11B and mimicked a depletion of Sam68 by
CGG or shRNA expression (Figure 9D and data not shown).
Interestingly, we noted no cumulative effects on splicing
when CGG-expressing cells were co-transfected with
SIK/BRK or treated with dephostatin. These data suggest
that either ATPIIB splicing regulation was saturated or that
CGG repeats acted similarly to SIK/BRK or dephostatin,
probably through inhibition of Sam68 activity. We observed
a similar absence of cumulative effects when CGG repeats
and Sam68 shRNA were coexpressed (data not shown),
suggesting that CGG repeats acted on splicing mostly through
Sam68 depletion.

Tautomycin reduces the formation of CGG aggregates
Among the various inhibitors of kinases and phosphatases
that we tested, we found one, tautomycin, which not only
reduced Sam68 colocalization but also reduced CGG aggre-
gate formation (Figure 10A and Supplementary Table 3). By
contrast, tautomycin treatment did not impair the formation

©2010 European Molecular Biology Organization
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Figure 8 Alternative splicing is altered in FXTAS patients. (A) qRT-PCR analysis of ATP11B exon-28B in brain RNA samples of three controls
and four FXTAS patients. Results are expressed as the ratio between alternative ATP11B exon-28B and constitutive ATPIIB exons 21-22. (B)
gRT-PCR analysis of SMN2 exon-7 in brain RNA samples from three controls and four FXTAS patients. We were not able to discriminate
between SMNI and SMN2 constitutive exons; therefore, results are expressed as the ratio of the alternative SMN2 exon-7/PO mRNA.

of expanded CUG- or AUUCU-repeat RNA aggregates (data
not shown).

We confirmed by qRT-PCR that the quantity of RNA con-
taining the expanded CGG repeats was not altered by tauto-
mycin treatment (Figure 10C), suggesting that tautomycin
disrupts CGG aggregation without altering their expression.

Finally, we observed that in the presence of tautomycin,
ATPIIB splicing was no longer altered by expression of
expanded CGG repeats (Figure 10D), suggesting that tauto-
mycin reduced the deleterious effects of the CGG repeats on
splicing. However and as noted previously (Mermoud et al,
1992; Novoyatleva et al, 2008), treatment with tautomycin
alone resulted in splicing changes (Figure 10D), rendering
difficult to pinpoint the precise role of tautomycin on the
deleterious effects of CGG repeats on splicing.

Discussion

CGG aggregates are dynamic structures that recruit
various RNA-binding proteins sequentially

A striking characteristic of CGG expanded repeats is that they
form dynamic intranuclear RNA aggregates that enlarge with
time, resulting in the formation of giant inclusions, an
observation that stands in contrast to the absence of growth

©2010 European Molecular Biology Organization

over time of expanded CUG (DM1 mutation), CCUG (DM2) or
AUUCU (SCA10) repeats. Continuous enlargement of CGG
RNA aggregates suggests that these repeats may constantly
recruit proteins.

Consistent with that hypothesis, we and others have found
various proteins, mainly RNA-binding proteins, to be cap-
tured by CGG repeats in vitro (Iwahashi et al, 2006; Jin et al,
2007; Sofola et al, 2007), suggesting that CGG repeats can
sequester a large number of proteins through direct RNA-
protein interactions, but probably also through indirect pro-
tein-protein interactions. When tested in cells, we found that
endogenous Sam68, MBNL1 and hnRNP-G colocalized with
CGG aggregates. In contrast, other candidate proteins such as
Pura, FMRP and CUGBP1 did not colocalize with expanded
CGG RNA, whereas hnRNP-A1l, hnRNP-A2/B, hnRNP-C,
hnRNP-D, hnRNP-E and hnRNP-H presented an intermediary
situation with some colocalization, but only at very late time
points and within the giant CGG aggregates that form in
dying cells. This questions whether these other candidate
proteins are recruited specifically at the very last step of CGG
aggregate formation, or that they form non-specific aggre-
gates in dying cells. We tested the localization of some of
these candidates by FISH/IF in brain sections of control and
FXTAS patients.
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Figure 9 Tyrosine phosphorylation reduces Sam68 colocalization within CGG aggregates. (A) COS7 cells were transfected with a plasmid
expressing 60 CGG repeats and either co-transfected with a plasmid expressing a constitutively active YF447 mutant of the SIK/Brk kinase (a),
or treated with 10 uM of tyrphostin/AG490 (b) or 20 uM dephostatin (c) and analysed by FISH/IF 24 h after transfection. (B) The percentage of
endogenous Sam68 colocalized within CGG RNA aggregates in transfected COS7 cells 24 h after transfection. (C) Similar to panel A but
phosphorylation of Sam68 was assayed by Sam68 immunoprecipitation followed by western blotting using a Sam68-Y440 phospho-specific
antibody. (D) Similar to panel A but COS7 cells were also co-transfected with an ATP11B minigene. Inclusion of exon-28B was quantified 24 h
after transfection by RNA extraction followed by RT-PCR.

First, we tested Pura, but could only detect small quantities that Pura is still available for its cellular function. This is in
of Puro. within the neuronal intranuclear inclusions in sec- agreement with a recent report showing absence of Pura-
tions from human FXTAS brain as compared with abundant positive inclusions in a FXTAS mouse model expressing 90
cytoplasmic labelling in the same neurons, which suggests CGG repeats (Hashem et al, 2009). However, Pura was found
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Figure 10 Tautomycin abolishes CGG and Sam68 aggregate formation. (A) COS7 cells were co-transfected with a plasmid expressing 60 CGG
repeats and either treated with solvent (a) or 1 uM of tautomycin (b), then analysed by FISH/IF 24 h after transfection. (B) The percentage of
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were also co-transfected with an ATPI11B minigene. Inclusion of exon-28B was identified 24 h after transfection by RNA extraction followed

by RT-PCR.

to colocalize with HSP70 inclusions in CGG-expressing
Drosophila and in a single reported human inclusion (Jin
et al, 2007). A possible explanation is that Pure, which is
cytoplamic, is not found for the most part in CGG aggregates,
which are strictly intranuclear in the mammalian cells and
FXTAS patients that we analysed (Greco et al, 2006). In
contrast, in CGG-repeat-expressing Drosophila, a substantial
fraction of the HSP70 inclusions were cytoplasmic and found
to colocalize with Pura. (Jin et al, 2003, 2007).

Next, we found that MBNL1, which is recruited tardily
within CGG aggregates in transfected cells, also colocalizes
with CGG inclusions in FXTAS patients (Supplementary
Figure S5, Iwahashi et al, 2006). However, we found that
the splicing events regulated by MBNLI1 are not altered in
CGG-expressing cells or in FXTAS patients (Supplementary
Figure S5). These results suggest that, while MBNLI is
present within CGG aggregates, it is not immobilized and
does not lose its splicing function. We also tested the pre-
sence of hnRNP-G within CGG aggregates in FXTAS patients,
but none of the anti-hnRNP-G antibodies that we
tested resisted the FISH conditions. Thus, whether hnRNP
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G colocalizes with CGG aggregates in FXTAS patients, re-
mains to be determined.

Finally, we found that, while very late recruited within
CGG aggregates, and only in dying cells, both hnRNP-A1 and
hnRNP-A2/B1 were present in the CGG aggregates of FXTAS
patients (data not shown; Iwahashi et al, 2006). By contrast,
little or no hnRNP-A2/B1 aggregates were observed in CGG
KI mice (Hashem et al, 2009 and R Willemsen, personal
communication), which is consistent with smaller CGG
aggregates in mice as compared with that in humans.
hnRNP-A1 regulates the alternative splicing of exon-7 of the
APP pre-mRNA (Donev et al, 2007), but we found no spli-
cing alterations of APP in FXTAS patients (Supplementary
Figure S5), suggesting that, similar to MBNLI, recruitment
of hnRNP-A1 within CGG aggregates may not impair its
splicing-regulatory function.

The presence of hnRNP-A1 and hnRNP-A2/B1 aggregates
only in FXTAS patients is reminiscent of the ubiquitin situa-
tion, where no ubiquitin aggregates are found in CGG-trans-
fected cells, while ubiquitin-positive inclusions are a
hallmark of FXTAS patients (Greco et al, 2002; Arocena
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et al, 2005). Overall, these data suggest that accumulation of
some proteins, such as MBNL1, hnRNP-A1, hnRNP-A2 and
ubiquitinylated proteins, in CGG aggregates of brain from
FXTAS patients is a very late-onset event, which may not
result in sequestration and loss of function of these proteins.

Same68 nucleation model

In contrast to late recruited proteins, we found that Sam68 is
early and constantly associated with CGG aggregates.
Furthermore, we found that depletion of Sam68 abolished
the recruitment of MBNL1 and hnRNP-G within CGG aggre-
gates and reduced the formation of giant aggregates. These
results suggest that Sam68 is essential for recruitment of
novel proteins and the continuous enlargement of the CGG
aggregates. Sam68 is involved in various aspects of mRNA
metabolism and contains several domains enabling protein-
protein interactions, allowing Sam68 to interact with various
RNA-binding proteins, including hnRNP-G, hnRNP-A1, Tra23
(SFRS10), SIm1 and Slm2 (T-Star) (Venables et al, 1999, 2000;
Paronetto et al, 2007). Co-transfection of these candidates
with expanded CGG repeats showed that Slml, SIm2 and
Tra2f colocalized with large CGG aggregates 48 h after trans-
fection. We propose that these proteins can in turn associate
with other proteins such as MBNL1 and probably many
others, ultimately resulting in massive protein aggregation
disastrous for normal cell function and viability
(Supplementary Figure S6B). This ‘sequential recruitment’
model is consistent with the late colocalization of hnRNP-A,
hnRNP-G and MBNLI in transfected cells, and with the large
intranuclear inclusions, cell death and global cerebral and
cerebellar atrophy observed in FXTAS patients (Greco et al,
2002, 2006; Tassone et al, 2004).

Such a model of sequential protein recruitment within
CGG aggregates implies a founding and nucleating RNA-
protein interaction event that would subsequently trap
other proteins through indirect RNA-protein or protein-pro-
tein interactions. We propose that Sam68 is part of this
founding event, as its depletion by shRNA inhibits subse-
quent protein aggregation and suppresses the formation
of giant CGG aggregates. However, Sam68 does not bind
directly to CGG RNA (data not shown), and its localization
within CGG aggregates requires its N-terminal domain
(Supplementary Figure S3), which contains a number of
protein-protein interaction domains. These data suggest
that association of Sam68 with CGG repeats it not direct
but requires an intermediary RNA-binding protein
(Supplementary Figure S6B). Characterization of that protein
is ongoing (C Sellier, in preparation), but beyond the scope of
this paper.

Samé68 protein is partially sequestered and functionally
inactivated in FXTAS patients

The RNA gain-of-function model for FXTAS predicts that
Sam68 protein should be sequestered by CGG RNA repeats
and consequently lose its activity. FRAP analysis showed that
there is a significant decrease in the mobile fraction of Sam68
in CGG-transfected cells, suggesting that a fraction of nuclear
Sam68 protein is immobilized within Sam68 aggregates.
Interestingly, the proportion of Sam68 immobilized in CGG-
transfected cells is identical to the fraction of MBNLI1 im-
mobilized in CUG-transfected cells (Ho et al, 2005). Through
analogy with DM, this shows partial depletion of free Sam68
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in CGG-expressing cells, and hence confirms an RNA gain-of-
function model for FXTAS.

Sam68 is involved in various aspects of mRNA metabo-
lism, such as alternative splicing regulation, nuclear export,
somatodendritic transport, polyadenylation and translation
(reviewed by Lukong and Richard, 2003). siRNA depletion of
Sam68 impairs neuronal differentiation in cell cultures
(Chawla et al, 2009), and its ablation in mouse leads to
motor coordination defects (Lukong and Richard, 2008),
suggesting that partial Sam68 sequestration and loss of func-
tion might be involved in the progressive intention tremor
and gait ataxia observed in FXTAS patients.

One of the important functions of Sam68 is in alternative
splicing regulation (Stoss et al, 2001; Paronetto et al, 2007;
Chawla et al, 2009). We found mis-regulation of pre-mRNA
alternative splicing controlled by Sam68 in CGG-transfected
cells and in FXTAS patients. Notably, analysis of alternative
splicing of ATP11B pre-mRNA showed a splicing mis-regula-
tion similar in FXTAS patients and in Sam68-depleted cells by
shRNA transfection. These results are consistent with partial
loss of function of Sam68 in CGG-transfected cells and in
FXTAS patients. Phospho-type-4 ATPase-11B (ATPIIB) is a
putative flippase predicted to catalyse aminophospholipid
transport and create lipid asymmetry in late secretory and
endocytic compartments. Exclusion of exon-28B results in a
protein isoform with a distinct C-terminal part. The physio-
logical functions of this splice form remain to be determined.

Next, we tested other splicing events regulated by Sam68
(Chawla et al, 2009). However, we found no significant
alterations of alternative splicing of the KTNI, BINI,
DNCIC2, CLASP2 and SGCE2 pre-mRNAs in brain samples
of FXTAS patients, possibly due to differences between
human patients and murine cells where they were identified
as Sam68 targets (Chawla et al, 2009). Furthermore, we
found no significant alterations of ATP11B, BIN1, DNCIC2
and CLASP2 alternative splicing in brain samples of Sam68-
knockout mice, probably due to the compensatory effects of
Sam68 paralogues, Slm1l and Slm2, which are highly ex-
pressed in brain (Stoss et al, 2004). We also tested the
alternative splicing of Bcl-x and CD44 pre-mRNAs in FXTAS
patients (Matter et al, 2002; Paronetto et al, 2007). However,
transcripts containing the exon-v5 of the CD44, or corre-
sponding to the Bcl-x Short isoform, were not expressed in
the brain samples that we tested.

Finally, we tested the alternative splicing of the SMN1 and
SMN2 pre-mRNAs. Loss of the SMNI gene is responsible for
spinal muscular atrophy (SMA), the most common inherited
motor neuron disease. The near-identical SMN2 gene does
not compensate the deficiency of SMNI due to skipping of
SMN2 exon-7 through alternative splicing. We found that
Sam68 weakly regulates the alternative splicing of an SMN2
minigene and inhibits the inclusion of exon-7. However, we
found in FXTAS patients decreased expression of SMNZ2 exon-
7 was, which is contradictory with depletion of Sam68
function in FXTAS. SMN2 exon-7 inclusion is robustly stimu-
lated by hnRNP G and Tra2f (Hofmann and Wirth, 2002;
Heinrich et al, 2009), which are both late recruited within
CGG aggregates in COS7-transfected cells. Whether hnRNP-G
and Tra2p are sequestered within CGG aggregates and lose
their splicing functions in FXTAS patients remain to be
determined. Furthermore, whether decrease of SMNZ2 exon-
7 in FXTAS patients results in lower quantity of SMN protein
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and is involved in the neuronal death observed in these
patients remains also to be determined.

Tautomycin inhibits the formation of CGG aggregates
Same68 activity is regulated by phosphorylation (Derry et al,
2000; Haegebarth et al, 2004; Lukong et al, 2005), a char-
acteristic that made Sam68 the prototype of the Signal
Transducers and Activators of RNA (STAR) family, which
transduces information from signalling pathways to mRNA
metabolism. Consistent with such a function, we found that
tyrosine phosphorylation of Sam68 reduces its recruitment
within CGG aggregates and, consequently, the deleterious
effects of the CGG repeats on splicing regulation
(Supplementary Figure S6A). By contrast, we found that
activation of the MAP serine/threonine kinase pathway sti-
mulates Sam68 recruitment within CGG aggregates. However,
we failed to detect a direct phosphorylation of Sam68 due to
the poor quality of the serine and threonine antibodies that
we tested (Supplementary Figure S7).

Strikingly, among the various drugs tested, we found one,
tautomycin, which not only prevents Sam68 colocalization
with CGG aggregates, but also reduces CGG aggregate for-
mation. We found that tautomycin prevents the deleterious
effects of the CGG repeats on alternative splicing regulation,
but due to the inherent toxicity of tautomycin, we were not
able to assess whether tautomycin also reduces the toxicity of
the CGG repeats. By contrast to tautomycin, depletion of
Sam68 by shRNA does not alter the formation of CGG
aggregates, suggesting that tautomycin may act upstream
from Sam68, maybe on the uncharacterized protein that
bridges CGG repeats and Sam68 (Supplementary Figure
S6B). Tautomycin was first described as an inhibitor of the
serine/threonine PP1 phosphatase, and more recently as an
inhibitor of the glycogen synthase kinase-3p (GSK-3f) (Adler
et al, 2009) and of the Rafl pathway (Pinchot et al, 2009).
Whether formation of CGG aggregates requires the PP1, GSK-
3B or Raf pathway remains to be determined.

In conclusion, our results support an RNA gain-of-function
mechanism in which Sam68 is partially sequestered within
CGG aggregates and consequently loses its regulatory func-
tion in neurons from FXTAS patients. Furthermore, our data
suggest that CGG aggregates can be dispersed, thus, bringing
hope of drug treatments able to reduce CGG aggregate
formation in FXTAS patients.

Materials and methods

Plasmids and constructions

Plasmids expressing 20, 40 or 60 CGG repeats were constructed by
ligation of oligonucleotides containing 20 CGG repeats in
pcDNA3.1. The plasmid expressing 98 CGG repeats was described
previously (Arocena et al, 2005). ATP11B exon-28B was amplified
using primers Fwd: 5-AAAAAAAACAATTGCCCTAAATCTTGGTGG
CAAATG and Rev: 5-AAAAAAAACAATTGGTTGTGAGAATATCTT
CACAGC, using BAC RP11-36G17 as template, and cloned within
the vector pXJ4l. Sam68 WT and mutants, Slml, SIm2 and
hnRNP-G expression plasmids were described previously (Venables
et al, 2004).

Cell cultures, transfections and treatments

COS7 cells were cultured in Dulbecco’s modified Eagle’s Medium
(DMEM), 10% foetal bovine serum and gentamicin at 37°C in 5%
CO,. PC12 were cultured in DMEM, 10% horse serum, 5% foetal
calf serum and penicillin at 37°C, 5% CO,. Cells were plated on
glass coverslips in a 24-well plate for immunofluorescence and
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transfected 24 h after plating in DMEM + 0.1% foetal bovine serum
to block cell divisions, using either FugenHD (Roche) for COS7 cells
or Lipofectamine 2000 (Invitrogen) for PC12 cells. PC12 cells were
differentiated 6h after transfection by growing cells in 1% horse
serum, 1% foetal calf serum plus 50 ng/ml of NGF (Clinisciences).
Primary cultures of hippocampal neurons were obtained from WT
E18 mouse and grown into 24-wells plates in 500 ul neurobasal
medium (Gibco), 1x B27 (Gibco), 0.5mM L-glutamine and
penicillin at 37°C, 5% CO,, and were transfected after 4 DIV with
Lipofectamine 2000 (Invitrogen).

Cell treatments

Cells were incubated 6 h after transfection in 50 uM PD98059, 4 nM
okadaic acid, 40ng/ml TPA, 10 pM AG490, 20 uM dephostatin or
1 uM tautomycin (Calbiochem).

Patients and brain sections

FXTAS patients have been described previously (case 6, 7 9 and 10
of Greco et al, 2006). KI mouse (72 weeks old, 98 CGG repeats) or
human brain sections were deparaffinized two times for 20 min in
Histosol Plus (Shandon) and dehydrated as follows: twice
in ethanol 100% (5min), twice in ethanol 95% (5min), once in
ethanol 80% (5min), once in ethanol 70% (5min) and rinsed in
TBS-Tween 1% before FISH.

FISH combined with immunofluorescence

Glass coverslips containing plated cells or brain sections on slides
treated as described above were fixed in 4% paraformaldehyde in
PBS (pH 7.4) for 15min and washed three times with PBS. The
coverslips were incubated for 5min in PBS/0.5% Triton X-100 and
washed three times with PBS before pre-hybridization in 40%
DMSO, 40% formamide, 10% BSA (10 mg/ml), 2 x SCC for 30 min.
The coverslips were hybridized for 2h in 40% formamide, 10%
DMSO, 2 x SCC, 2mM vanadyl ribonucleoside, 60 ng/ml tRNA,
30 pug/ml BSA plus 0.75 pg (CCG)gx-Cy3 DNA oligonucleotide probe
(Sigma). The coverslips were washed twice in 2 x SCC/50%
formamide and twice in 2 x SCC. Following FISH, the coverslips
were washed twice successively in 2 x SCC/50% formamide, in
2 x SCC and in PBS. The coverslips were incubated overnight with
primary anti-hnRNP-G (1/200 dilution; Heinrich et al, 2009),
hnRNP-A2/B1 (1/200 dilution, clone DP3B3; Tebu), hnRNP-Al
(1/200 dilution, clone 9H10; Abcam), MBNL1 (1/200 dilution, clone
HL1822 3A4-1E9; Sigma) and Sam68 (1/400 dilution, C20 SC-333;
Santa Cruz Biotechnology) at 4°C. The coverslips were washed
twice with PBS before incubation with a goat anti-rabbit secondary
antibody conjugated with Alexa-Fluor 488 (1/500 dilution; Fisher)
or Cy5 (1/500 dilution; Interchim) for 60 min. Then, the coverslips
were incubated for 10 min in 2 x SCC/DAPI (1/10 000 dilution) and
rinsed twice in 2x SSC before mounting in Pro-Long media
(Molecular Probes). Slides were examined using either a simple
fluorescence microscope (Leica) or a Leica DM4000 B confocal
microscope, equipped with a Leica 100 x HCX Plan Apo CS 1.40
objective, in 1-um optical sections.

FRAP analysis

COS7 cells were plated in 35-mm glass base dish (Iwaki) and
transfected with Fugene HD 24 h after plating. Twenty-four hours
after transfection, FRAP experiments were performed using a Leica
DM4000 B confocal microscope combined to a heated stage. The
cells were maintained for 15 min in growth media at 37°C with no
CO, or humidifier systems; five single scans were obtained followed
by five bleach pulses. After photobleaching, images were taken
every 10s for 150s (post-bleach 1) followed by 40 acquisitions
every 20 s (post-bleach 2). Fluorescence intensities were calculated
using the Image J software and normalized by total cellular
fluorescence intensity. As foci are mobile, an area around the foci
was determined for the duration of the experiment.

MALDI analysis

Nuclear extracts were prepared from COS7 cells or mouse brain
extract as described by Dignam et al (1983). Nuclear extract was
passed over a CGGgpy in vitro T7 transcribed and biotinylated RNA
(Ambion) bound to a streptavidin agarose column (Invitrogen) in
the presence of KCl (100 mM), HEPES (10 mM) and MgCl, (1 mM).
The column was washed with 33 mM MgCl, and glacial acetic acid.
The eluted protein was separated by gel electrophoresis and
detected by silver staining. The protein bands were excised,
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digested and identified using a Reflex IV MALDI-TOF spectrometer
(Bruker Daltonics) and the Profound search engine, as described by
Argentini et al, 2008.

RNA isolation and PCR

COS cells were cultured as described above in a six-well plate. RNA
was isolated 24 h after transfection using a GenElute kit (Sigma).
Endogenous ATP11B splicing analysis was performed on total RNA
extracted (Trizol reagent) from control or FXTAS patient brain
samples. cDNA synthesis reactions were performed with Super-
script II (Invitrogen). The primers are described in Supplementary
Table 4. PCRs were performed with Tag polymerase (Roche). The
conditions for SMN2 and Bcl-x minigenes were described previously
(Paronetto et al, 2007; Heinrich et al, 2009). The conditions for
ATP11B minigene were 4 min at 94°C; 30 cycles of 40s at 94°C, 45s
at 60°C and 1 min at 72°C; and a final extension at 72°C for 4 min.
The PCR reaction products were analysed on 8% polyacrylamide
gels.

Statistical analysis

The percentage of endogenous Sam68, MBNL1 and hnRNP-G
colocalized within CGG RNA is expressed as the number of
nuclei presenting colocalization/total number of nuclei containing
CGG aggregates. Three independent transfections totalling a
hundred cells were counted. Results are presented as mean +s.d.
The balance between the mRNA levels of the SMN2, Bcl-x and
ATPIIB splicing variants is calculated as ((mRNA +exon)/
(mRNA—exon + mRNA +exon)) x 100. The results are derived
from at least three independent experiments. The error bars in the
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SUMMARY

Fragile X-associated tremor/ataxia syndrome
(FXTAS) is an inherited neurodegenerative disorder
caused by the expansion of 55-200 CGG repeats in
the 5’ UTR of FMR1. These expanded CGG repeats
are transcribed and accumulate in nuclear RNA
aggregates that sequester one or more RNA-binding
proteins, thus impairing their functions. Here, we
have identified that the double-stranded RNA-
binding protein DGCR8 binds to expanded CGG
repeats, resulting in the partial sequestration of
DGCRS8 and its partner, DROSHA, within CGG RNA
aggregates. Consequently, the processing of micro-
RNAs (miRNAs) is reduced, resulting in decreased
levels of mature miRNAs in neuronal cells expressing
expanded CGG repeats and in brain tissue from
patients with FXTAS. Finally, overexpression of
DGCRS rescues the neuronal cell death induced by
expression of expanded CGG repeats. These results
support a model in which a human neurodegenera-
tive disease originates from the alteration, in trans,
of the miRNA-processing machinery.

INTRODUCTION

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neuro-
degenerative disorder that affects older adult males who are
carriers of an expansion of 55-200 CGG repeats in the 5 UTR
of the fragile X mental retardation 1 (FMR1) gene (Hagerman
et al., 2001). The clinical features of FXTAS include progressive
intention tremor and gait ataxia, frequently accompanied by
progressive cognitive decline, parkinsonism, peripheral neurop-
athy, and autonomic dysfunctions (Jacquemont et al., 2003).
Principal neuropathology of FXTAS includes mild brain atrophy
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and white matter lesions with the presence of ubiquitin-positive
nuclear neuronal and astrocytic inclusions (Greco et al., 2002),
which contain the expanded CGG RNA repeats (Tassone et al.,
2004). In contrast to fragile X syndrome, where full mutations
(>200 CGG repeats) result in hypermethylation and silencing of
the FMR1 gene, FXTAS carriers of shorter CGG expansions
(55-200 CGG repeats) present increased expression of FMR1
mRNA levels and normal, or near-normal, FMRP expression
(Tassone et al., 2000). These observations suggest a toxic
RNA gain-of-function model for FXTAS. In support of that model,
cellular and transgenic Drosophila and mouse models demon-
strate that the sole expression of a mutant RNA containing
expanded CGG repeats is sufficient to induce the formation of
ubiquitin-positive aggregates and to cause a pathology similar
to human FXTAS (Willemsen et al., 2003; Jin et al., 2003; Arocena
et al., 2005; Entezam et al., 2007; Hashem et al., 2009). A toxic
RNA gain-of-function model predicts that expanded CGG
repeats are pathogenic by sequestering specific RNA-binding
proteins, resulting in loss of their normal functions and, ulti-
mately, in neuronal cell dysfunction and death. Consistent
with a titration model, various proteins were found to colocalize
with CGG or ubiquitin-positive inclusions (Iwahashi et al., 2006;
Jin et al., 2007; Sofola et al., 2007; Sellier et al., 2010); however,
the pathological consequences of their recruitment are unclear,
suggesting that the protein(s) sequestered within CGG RNA
aggregates and responsible for the neuronal cell death, remains
to be identified.

MicroRNAs (miRNAs) are small, conserved, noncoding RNAs
that are key components of posttranscriptional gene regulation
and are involved in the control of many fundamental processes,
including both differentiation and survival of neurons (Schaefer
et al.,, 2007; Davis et al., 2008; De Pietri Tonelli et al., 2008;
Stark et al., 2008; Haramati et al., 2010; Hébert et al., 2010;
Huang et al., 2010; Fénelon et al., 2011; Schofield et al., 2011).
miRNAs are initially transcribed by the RNA polymerase Il as
primary miRNA (pri-miRNAs) transcripts, which are processed
into precursor miRNAs (pre-miRNAs) by the type Ill RNase,
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DROSHA, and the double-stranded RNA-binding protein,
DGCR8, which anchors DROSHA to the pri-miRNA transcript
(Lee et al., 2003; Denli et al., 2004; Landthaler et al., 2004;
Gregory et al., 2004; Han et al., 2004; Wang et al., 2007). Pre-
miRNAs are then exported into the cytoplasm, where they are
processed into mature miRNAs by the DICER enzyme. Global
reduction of miRNA expression, for example through inactivation
of DICER or DGCR8 in mice, results in embryonic lethality and if
conditionally lost in brain, leads to neuronal dysfunction and
cell death (Schaefer et al., 2007; Davis et al., 2008; De Pietri
Tonelli et al., 2008; Stark et al., 2008; Haramati et al., 2010;
Hébert et al., 2010; Huang et al., 2010; Fénelon et al., 2011;
Schofield et al., 2011).

Here, we find that DGCRS8 binds preferentially to expansions of
CGG repeats of pathogenic length. This association results in
titration of DGCR8 pri-miRNA-binding activity and in the partial
sequestration of DGCR8 and its partner, DROSHA, within CGG
RNA aggregates. Consequently, the processing of pri-miRNAs
is reduced in cells expressing expanded CGG repeats, and in
brain samples from patients with FXTAS, resulting in decreased
levels of mature miRNAs. Finally, the expression of pathogenic-
expanded CGG repeats in cultured mouse cortical neurons
results in decreased dendritic complexity and reduced neuronal
cell viability. Importantly, the sole overexpression of DGCR8
restored to normal both the dendritic morphological abnormali-
ties and the loss of neuronal cells, demonstrating that titration
of DGCR8 by expanded CGG repeats is a leading event to
CGG-induced neuronal cell death.

RESULTS

Identification of Proteins Associated with Expanded
CGG Repeats

To identify proteins involved in FXTAS physiopathology, proteins
extracted from mouse brain nuclei were captured on streptavidin
resin coupled to biotinylated RNA composed of nonpathogenic
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on COS7 transfected for 24 hr with a plasmid ex-
pressing either no repeats or 60 CGG repeats.
See also Tables S1, S2, and Figure S1.

(20 CGG repeats) or pathogenic expansions (60 or 100 CGG
repeats), eluted, separated on SDS-PAGE, and identified by
nano-LC-MS/MS analysis (Figure 1A). More than 30 RNA-
binding proteins were identified (Figure 1B; Tables S1 and S2),
including hnRNP A2/B1, hnRNP G, and PURa, which were also
identified in previous studies (Iwahashi et al., 2006; Jin et al.,
2007; Sofola et al., 2007; Sellier et al., 2010). However, these
proteins were recruited preferentially onto short CGG repeats
compared to long pathogenic CGG stretches (Figure 1B). In
contrast, ten proteins (ESRP1, PRP3, ZC3HA, LSM11, ZCHCS,
MPP10, DAZP1, RBMS1, GLD2, and DGCR8) were found
preferentially associated with expanded CGG repeats of patho-
genic size (Figure 1B). We confirmed the preferential binding of
DGCRS8 on long CGG stretches by western blotting on the
protein eluted from the RNA affinity columns (Figure 1C). The
partner of DGCR8, DROSHA, was also preferentially recruited
to long expanded CGG repeats (Figure 1C).

Next, to discard nonspecific RNA-binding proteins, we tested
whether these candidate proteins colocalize with the aggre-
gates formed by expanded CGG repeats in transfected COS7
cells (Figures S1A and S1B). Among the ten candidates tested,
only three (PRP3, ZC3HA, and DGCRS) colocalized with CGG
RNA aggregates (Figures 1D and S1A). However, we noted
that PRP3 and ZC3HA were naturally localized in speckles,
which are normal nuclear structures enriched in some splic-
ing factors and that were found previously to be associated
with CGG RNA aggregates in transfected cells (Sellier et al.,
2010). Thus, neither PRP3 nor ZC3HA was specifically re-
cruited within CGG RNA aggregates (Figure S1A). In con-
trast, DGCR8 presented a diffuse pattern within the nucleo-
plasm, but upon expression of 60 expanded pathogenic
CGG repeats, DGCR8 changed localization and was recruited
within CGG RNA inclusions (Figure 1D). As further controls,
we also tested the colocalization of proteins, such as hnRNP
A2/B1 and PURa, which were found mostly associated with
20 biotinylated CGG RNA repeats in vitro. Consistent with a
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preferential binding to normal but not to expanded CGG
repeats, we found no significant colocalization of these
candidates with CGG RNA aggregates at early time points
(Figure 1E). Thus, we pursued our study on the one protein

Figure 2. DGCR8 and DROSHA Bind to
Expanded CGG RNA Repeats

(A) Gel shift assays of purified bacterial recombinant
His-DGCR8A with 100 nM (30,000 cpm) of
uniformly o-[*?P]CTP internally labeled in-vitro-
transcribed RNA containing 20 or 100 CGG repeats
or the pri-miR-125.

(B) Quantification of DGCR8 binding to 20, 40, 60, or
100 CGG RNA repeats.

(C) RNA FISH against CGG repeats, coupled to
IF against SAM68, on COS7 cells cotransfected
with a plasmid expressing 60 CGG repeats and
a siRNA against the luciferase (siCTL) or against
DGCRS.

(D and E) RNA FISH of CGG repeats coupled to IF of
DROSHA or DGCR8 on brain sections (hippo-
campal area) of age-matched control or patients
with FXTAS. Magnification, 630x. Nuclei were
counterstained with DAPI.

(F and G) Larger fields of CGG RNA FISH coupled to
IF of DROSHA or DGCR8 on brain sections
of patients with FXTAS. White arrows indicate
CGG RNA aggregates. Note some nonspecific
perinuclear background inherent to RNA FISH of
autopsied human brain samples.

Scale bars, 10 pm.

See also Figure S2.

found specifically associated with ex-
panded CGG repeats of pathogenic
size, DGCRS.

DGCRS8 Binds to Mutated RNA
Containing Expanded CGG Repeats
Recruitment of DGCR8 to biotinylated
CGG RNA questions whether DGCR8
binds directly, or through indirect pro-
tein-protein interactions, to expanded
CGG repeats. Gel shift assays showed
that purified recombinant HIS-tagged
DGCR8 protein binds directly to RNAs
containing expanded CGG repeats of
pathogenic size (60 and 100 CGG repeats;
Figures 2A, S2A, and S2B). In contrast,
DGCRS8 binds weakly to RNAs containing
CGG stretch of nonpathogenic size, such
as 20 or 40 CGG repeats (Figures 2A,
S2A, and S2B). Furthermore, DGCR8
binds to expanded CGG repeats with
an affinity similar to control pri-miRNAs,
such as pri-miR-124, pri-miR-125, or
pri-Let-7 (Figures 2A and S2A). UV-cross-
linking assays confirmed that purified
recombinant DGCR8 binds directly to
control pri-miR-124 and pri-miR-125, as

well as to expanded CGG repeats of pathogenic size, but does
not bind to short CGG stretch (Figure S2B).

The in vitro binding of DGCR8 to long expanded CGG repeats
prompted us to investigate whether DROSHA and DGCRS8 are
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recruited within the nuclear aggregates found in cell models of
FXTAS. CGG RNA aggregates are dynamic nuclear structures
that accumulate various proteins in a time-dependent manner
(Sellier et al., 2010), which raises the question of the timing of
DROSHA and DGCRS8 recruitment. Analysis of the formation of
CGG RNA aggregates at various time points after transfection
of COS7 cells with a plasmid expressing 60 CGG repeats re-
vealed that DROSHA and DGCRS8 colocalized within CGG aggre-
gates from the time of their formation (6-8 hr posttransfection;
data not shown). Furthermore, depletion of either DROSHA or
DGCRS8 by siRNA reduced the recruitment of SAM68, one of
the earliest proteins found to colocalize with CGG aggregates
(Figures 2C and S2C). Next, coimmunoprecipitation experiments
demonstrated that DROSHA and DGCRS interact with SAM68,
suggesting that the recruitment of SAM68 within CGG RNA
aggregates is mediated through protein-protein interactions
with DROSHA or DGCR8 (Figure S2D). These results suggest
that in transfected cells, DROSHA and DGCR8 are among the
first proteins to be recruited within the CGG RNA aggregates
and are essential for the further aggregation of other proteins,
such as SAM68. These results were obtained in cells expressing
large amounts of expanded CGG RNA repeat. Thus, to rule out
any overexpression bias, we tested the localization of endoge-
nous DROSHA and DGCRS in brain sections from patients with
FXTAS. RNA FISH coupled to immunofluorescence (IF) experi-
ments showed that both DROSHA and DGCRS8 consistently
colocalized with endogenous CGG nuclear RNA aggregates in
brain sections of patients with FXTAS (Figures 2D and 2E; larger
fields in Figures 2F and 2G), whereas DROSHA and DGCR8 were
diffusely localized within the nucleoplasm of age-matched non-
FXTAS controls. Finally, we tested the localization of endoge-
nous DROSHA, DGCRS8, and CGG aggregates in brain sections
of a knockin mouse model, in which endogenous CGG repeats
had been replaced with an expansion of 98 CGG repeats (Wil-
lemsen et al., 2003). RNA FISH coupled to IF labeling showed
the presence of rare nuclear CGG RNA aggregates that colocal-
ized with both endogenous DROSHA and DGCRS8 in mice
expressing expanded CGG repeats (Figures S2E and S2F). By
contrast, DROSHA and DGCR8 were diffuse throughout the
nucleoplasm in control mice. We noted that the CGG RNA aggre-
gates were larger and much more frequent in patients with
FXTAS than in knockin mice, which is consistent with the milder
neurological disturbances observed in knockin mice compared
to patients with FXTAS (Willemsen et al., 2003).

The direct binding of DGCR8 to expanded CGG trinucleotide
repeats raises the question as to how specific this interaction
is and, notably, whether DGCR8 can also recognize other trinu-
cleotide repeats such as expanded CUG repeats, the mutation
responsible of myotonic dystrophy of type 1 (DM1). UV-cross-
linking assays showed that DGCR8 binds weakly to RNAs con-
taining 20 or 100 CUG repeats, compared to an RNA containing
100 CGG repeats (Figure S2G). Similarly, both DROSHA and
DGCRS8 from mouse brain extract were captured by RNA affinity
columns composed of expanded CGG repeats, yet neither was
recruited by expanded CUG repeats (Figure S2H). Finally, RNA
FISH coupled to IF demonstrated that both endogenous
DROSHA and DGCR8 were recruited within CGG RNA repeat
aggregates that formed in COS7 cells transfected with a plasmid
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expressing 60 CGG repeats (Figures S21 and S2J). In contrast,
DROSHA and DGCR8 were not recruited within RNA aggregates
of similarly transfected cells expressing either expanded CUG or
AUUCU repeats, which are involved in DM1 and spinocerebellar
ataxia of type 10 (SCA10), respectively (Figures S2I and S2J).
Identical results were obtained in neuronal PC12 or GT17 cells
(data not shown). These results indicate that DGCR8 binds pref-
erentially expanded CGG repeats compared to CUG repeats,
which is consistent with the enhanced stability of the double-
stranded helical structure formed by expanded CGG repeats
compared to CUG repeats (Mooers et al., 2005; Sobczak et al.,
2003; Zumwalt et al., 2007; Kiliszek et al., 2009, 2011; Kumar
et al.,, 2011). Alternatively, the presence of U:U mismatches
versus noncanonical G:G base pairing, or other structural differ-
ences that are significant, between CUG and CGG hairpins, may
impair the binding of DGCR8. Overall, these results suggest that
DROSHA and DGCRS are specific components of the CGG RNA
aggregates in FXTAS.

DROSHA Does Not Cleave Expanded CGG Repeats

The binding of DROSHA and DGCR8 to the expanded CGG RNA
repeat raises the possibility that DROSHA may cleave these
repeats into shorter CGG hairpins, which is an attractive hypoth-
esis considering that DICER was reported, in vitro, to partially
process expanded CGG repeats into potentially toxic miRNA-
like CGG RNA repeats (Handa et al., 2003), an observation
also reported for expanded CUG and CAG repeats (Krol et al.,
2007; Banez-Coronel et al., 2012). Accordingly, we tested
whether DROSHA and DGCR8 can process an RNA containing
60 expanded CGG repeats. However, no cleavage products
were observed, although DROSHA correctly processed a control
pri-miR-125 (Figure S3A). Furthermore, we found no trace of
small miRNA-like CGG RNA after massive parallel sequencing
of RNA extracted from cells transfected with a plasmid express-
ing 60 CGG repeats (data not shown). We propose that structural
differences between pri-miRNAs and CGG expanded repeats,
such as noncanonical G:G base pairing, impair the cleavage
activity of DROSHA. Overall, the recruitment of DROSHA and
DGCRS8, without the processing of CGG repeats and the subse-
quent release of the proteins, suggests that the aggregates of
CGG repeats may act as molecular sink, titrating DROSHA and
DGCR8 away from their normal functions.

DROSHA and DGCRS8 Are Partially Sequestered by
Expanded CGG Repeats

To test a potential sequestration of DROSHA and DGCR8, we
first analyzed the effect of expanded CGG repeats on the
RNA-binding activity of DGCR8. Gel shift experiments demon-
strated that addition of increasing amounts of unlabeled
expanded CGG RNA repeat progressively competed with the
binding of recombinant purified DGCRS8 to radioactively labeled
pri-miR-125 (Figure 3A). As a control, addition of unlabeled
expanded CUG repeats had little or no effect. We confirmed
these results by UV-crosslinking assays, which demonstrated
that addition of increasing amounts of expanded CGG repeats
competed with the binding of DGCR8 to radioactively labeled
pri-miR-124 and pri-miR-125, whereas expanded CUG repeats
had no effects (Figure S3B). Next, we tested the effect of



expanded CGG repeats on the processing activity of DROSHA.
COS7 cells were cotransfected with a plasmid expressing an
ectopic pri-miRNA under the expression of a CMV promoter,
allowing the detection of the primary, precursor, and mature
miRNAs by northern blotting (Figure 3B). Importantly, coexpres-
sion of increasing amounts of expanded CGG repeats reduced
the processing of ectopic pri-miR-124 into pre-miR-124. This
inhibition is specific because expression of control expanded
CUG repeats had no effect on the biogenesis of pri-miR-124
(Figure 3B). We confirmed these results using ectopically ex-
pressed pri-miR-206, pri-miR-146, and pri-miR-26 and found
that expression of expanded CGG repeats inhibited the
DROSHA cleavage of pri-miRNA transcripts into pre-miRNAs
(Figure S3C). As a control, expression of expanded CUG repeats
had no or little effects on miRNA biogenesis (Figure S3D). These
results suggest that expanded CGG repeats compete with the
binding of DGCRS8 to pri-miRNAs, reducing the quantity of free
DROSHA and DGCRS8 available to process pri-miRNAs, which
leads to reduced processing of pri-miRNAs into pre-miRNAs.
Theoretically, the titration of free DROSHA and DGCR8 may
result in reduced formation of mature miRNAs. To test this
hypothesis, we quantified the expression of endogenous mature
miRNAs upon expression of expanded CGG repeats in neuronal
GT17 cells. Microarray profiling demonstrated that most of the
miRNAs, which presented a modified expression, were reduced
upon transfection of a plasmid expressing 60 CGG repeats (Fig-
ure 3C). Decreased levels of mature miRNAs were confirmed by
quantitative real-time RT-PCR (Figure 3D). The limited number
(56) of miRNAs presenting an expression change, as well as
the limited decrease (~20%-50%) of miRNA levels, are consis-
tent with a progressive titration of DROSHA and DGCR8 and
with the early time point (24 hr after transfection) chosen for anal-
ysis. Also, we noted that the expression of a minority of miRNAs
was upregulated upon expression of expanded CGG repeats.
However, a similar upregulation occurred at early time point
(24 hr after transfection) in neuronal GT17 or COS7 cells depleted
of DGCR8 by siRNA, suggesting the existence of rescue mech-
anisms to transiently increase the expression of some miRNAs in
response to DGCR8 reduction (Figures S3E and S3F).
Importantly, a decrease in miRNA expression could be
triggered by a specific alteration of the miRNA-processing
machinery but may also reflect a global alteration of RNA tran-
scription due to reduced cell viability. To discriminate between
these two hypotheses, we quantified the levels of the primary
transcripts hosting the decreased miRNAs. Quantitative RT-
PCR demonstrated that, whereas mature miRNAs presented
reduced levels, expression of their corresponding pri-miRNAs
was not altered or, even, increased (Figure 3E). Similarly, the
expression of various mRNAs containing pri-miRNAs within their
introns was not altered (Figure 3F). Comparable decrease of
mature miRNA levels with no alterations of the expression of
their corresponding pri-miRNAs was observed in a second cell
model: COS7 cells expressing 60 CGG repeats (Figures S3G
and S3H). These results demonstrate that expanded CGG
repeats alter specifically the processing of pri-miRNAs, without
affecting their transcription. As a further control, we tested the
expression of mirtrons, which are miRNAs processed by the
splicing machinery, thus independent of the processing by

DROSHA (Okamura et al., 2007; Ruby et al., 2007). Quantitative
RT-PCR analysis of mirtron-877, mirtron-1224, mirtron-1225,
and mirtron-1226 levels in neuronal GT17 cells expressing
expanded CGG repeats demonstrated that their expression
was not altered (Figure 3G). Similarly, mirtron expression was
not altered in COS7 cells expressing expanded CGG repeats
(Figure S3l). Also, the mRNA and protein expression levels of
DROSHA and DGCRS8 were normal in cells expressing expanded
CGG repeats, indicating that pathogenic CGG repeats affect the
activity, but not the expression, of DROSHA and DGCR8 (Figures
S3J and S3K). Finally, the transfection of a plasmid encoding
DGCRS in neuronal cells expressing expanded CGG repeats
rescued the decreased expression of miRNAs, whereas expres-
sion of an inactive form of DGCR8, which was deleted for its
double-stranded RNA-binding domains, presented no rescue
activity (Figure 3H). Overall, these data suggest that expanded
CGG repeats specifically reduced the activity of DROSHA and
DGCRS, without affecting other mechanisms such as general
transcription.

The Processing of miRNAs Is Altered in Brain Samples of
Patients with FXTAS

The altered processing of miRNAs in cells overexpressing
expanded CGG repeats raises the question whether a similar
alteration occurs in patients with FXTAS. Microarray analysis of
cerebellar samples from patients with FXTAS revealed that
mis-regulation of miRNAs involved predominantly decreased
expression compared to age-matched controls (Figure 4A).
Quantitative RT-PCR analysis confirmed reduced quantities of
various mature miRNAs in patients with FXTAS relative to
controls (Figure 4B). Note that the expression of mature miRNAs
was not fully abolished but decreased by 20%-50%, indicating
a partial titration of DROSHA and DGCR8 by the expanded
CGG repeats. In contrast, the quantity of mirtron-877, whose
biogenesis depends on the splicing machinery and bypasses
DROSHA, was normal in FXTAS brain samples (Figure 4B). As
a control, quantification of the primary transcripts hosting the
downregulated mature miRNAs demonstrated no changes or
increased expression in patients with FXTAS (Figure 4C). We
confirmed these results in frontal cortex samples of patients
with FXTAS compared to age-matched controls. Quantitative
RT-PCR confirmed that expression of mature miRNAs was
decreased in patients with FXTAS (Figure 4D). Consistent with
a specific alteration of the activity of DROSHA, the quantities
of their corresponding pri-miRNAs were normal or increased in
FXTAS samples compared to age-matched control samples
(Figure 4E). As further controls, expressions of various mirtrons,
whose biogenesis is independent of DROSHA, were normal in
patients with FXTAS (Figure 4F). Overall, these results suggest
that transcription and splicing of pri-miRNAs are not globally
altered in patients with FXTAS but that their processing by
DROSHA is reduced.

Overexpression of DGCR8 Rescues Neuronal Cell Death

A model of titration of DGCR8 by expanded CGG repeats
in patients with FXTAS predicts that depletion of DGCR8
would enhance any phenotype caused by expanded CGG
repeats. To test that hypothesis, we took advantage of
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Figure 3. DROSHA and DGCRS8 Activities Are Reduced in CGG-Expressing Cells

(A) Gel shift assays of recombinant His-DGCR8A binding with 100 nM (30,000 cpm) of uniformly a-[*2P]CTP internally labeled in-vitro-transcribed pri-miR-125 in

presence of increasing amounts of nonlabeled in-vitro-transcribed RNA containing either 60 CGG repeats or 100 CUG repeats.

(B) A total of 20 pg of total RNA extracted from COS7 cells cotransfected with a pri-miR-124-2 minigene and increasing amounts of a plasmid expressing either

60 CGG or 200 CUG repeats were analyzed by northern blotting using a miR-124 y-[>2P]ATP-labeled antisense probe. The mean of at least three independent

transfections is depicted as the percentage of pri-, pre-, and mature miR-124-2. Error bars indicate SD.

(C) Microarray profiling of mature miRNAs expressed in GFP-positive FACS-isolated GT17 neuronal cells cotransfected with a plasmid expressing GFP and either

a plasmid expressing no repeats (n = 3) or 60 CGG repeats (CGG, n = 3). Ordinate is in Log2 scale.

(D-G) Quantitative RT-PCR analysis of the expression of mature (D), pri-miRNAs (E), mRNAs (F), and mirtrons (G) relative to the U6 snRNA or to the RPLPO mRNA

in GFP-positive FACS-isolated GT17 neuronal cells cotransfected with a plasmid expressing GFP and either a plasmid expressing no repeats (n = 3) or a plasmid
(legend continued on next page)
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(A) Microarray profiling of mature miRNAs expressed in cerebellum samples of FXTAS and age-matched control patients.

(B and C) Quantitative RT-PCR analysis of the expression of mature (B) and pri-miRNAs (C) relative to the U6 snRNA in cerebellum samples of FXTAS (n =

age-matched control (n = 4) patients.

18)and

(D-F) Quantitative RT-PCR analysis of the expression of mature (D), pri-miRNAs (E), and mirtrons (F) relative to the U6 snRNA in frontal cortex samples of FXTAS

(n = 3) and age-matched control (n = 2) patients. Error bars indicate SD.

the neurodegenerative phenotype observed in transgenic
Drosophila melanogaster expressing 90 CGG repeats (Jin
et al., 2003). As previously described, expression of 90 CGG
repeats decreases adult Drosophila viability (Figure S4A).
Interestingly, decreased expression of Pasha (the Drosophila
homolog of DGCR8) by RNAi in CGG transgenic flies resulted
in enhanced early lethality (Figure S4A). A similar aggravated
phenotype was observed with Drosha RNAI lines (Figure S4B).
In contrast, overexpression of Drosha or Pasha in CGG flies
had little or no effect and did not rescue fly lethality (data not
shown). These data suggest that several pathological mecha-
nisms may coexist in the fly model of FXTAS, a model consistent
with the observation of cytoplasmic inclusions containing PURa
in Drosophila (Jin et al., 2007), but not in human cells (Sellier
et al., 2010). Accordingly, we tested mammalian neuronal cells,
in which expression of expanded CGG repeats leads to forma-
tion of CGG RNA nuclear aggregates without formation of
PURa-positive cytoplasmic aggregates. Organotypic cultures
of E18 mouse cortex neurons were transfected at 7 days
in vitro (DIV) with a plasmid expressing 60 CGG repeats and

a plasmid expressing the GFP marker for 1 day (8 DIV). As
reported previously by Chen et al. (2010), expression of
expanded CGG repeats resulted in shorter dendrites and an
~40% decrease in dendritic branchpoints (Figures 5A and 5B).
As a control, expression of expanded CUG repeats had no
or little effect on neuronal dendritic complexity, indicating a
specific deleterious effect of the expanded CGG repeats (Fig-
ure 5B). Importantly, the sole expression of a plasmid expressing
DGCRS8 restored normal dendritic growth and branching in neu-
rons expressing the expanded CGG repeats (Figures 5A and 5B).
In contrast, expression of an inactive form of DGCR8, which was
deleted for its double-stranded RNA-binding domains, pre-
sented no rescue activity (Figure 5B). Similarly, expression of
a control plasmid expressing MBNL1 had no significant effect
and did not alleviate the dendritic alterations, indicating a specific
role for DGCR8 (Figure 5B). We also tried to rescue the neuronal
cell death induced by expression of expanded CGG RNA
repeats by transfecting either miR-124, miR-9 or miR-125, which
are important miRNAs for neuronal cell function, but we failed to
observe a full rescue, suggesting that more than one miRNA is

expressing 60 CGG repeats (CGG, n = 3). DLEUZ is the host gene of pri-miR-16-1, CTDSPL of pri-miR-26a1, ABLIM2 of pri-miR-95, SKA2 of pri-miR-454, and

TLN2 of pri-miR-190. Error bars indicate SD.

(H) Quantitative RT-PCR analysis of the expression of mature miRNAs relative to U6 snRNAs in GFP-positive FACS-isolated GT17 neuronal cells cotransfected
with a plasmid expressing GFP, a plasmid expressing 60 CGG repeats, and either a vector expressing Flag-tagged wild-type (WT) DGCR8 or mutant (mut)

DGCRS, deleted for its double-stranded RRM. Error bars indicate SD.
**p < 0.001; *p < 0.01; *p < 0.1.
See also Figure S3.
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FLAG-DGCR8 Merged

Figure 5. DGCR8 Is Sufficient to Rescue
Expanded CGG Toxicity

(A) Primary cultures of cortex neurons from
E18 mouse embryos were cotransfected with
a plasmid expressing GFP, a vector expressing
either no or 60 CGG repeats, and a plasmid ex-
pressing either a Flag-tagged wild-type DGCR8 or
a mutant Flag-DGCR8 deleted for its double-
stranded RRM. Neurons were analyzed 24 hr
after transfection by RNA FISH using a CCGgy-Cy3
DNA probe coupled to IF using an antibody
directed against the FLAG tag. Magnification,
360x. Magnification of the insets, 2,500x. Scale
bars, 20 pm.

(B) Quantification of the number of dendritic
branchpoints of individual neurons transfected as
in (A). Error bars indicate SD.

(C) Cell viability (tetrazolium) assay of neuronal
GT17 cells transfected for 24 hr with a plasmid
expressing either 200 CUG repeats or 20, 40, or
60 CGG repeats alone, or 60 CGG repeats plus
a plasmid expressing either GFP-SAM68, Flag-
DICER, Flag-DROSHA or Flag-DGCRS. Error bars
indicate SD.

***p < 0.001; *p < 0.01.
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probably necessary to restore normal neuronal functions. Next,
we tested whether DGCR8 can also rescue the neuronal cell
death caused by expressing expanded CGG repeats. Transfec-
tion of a plasmid expressing 60 CGG repeats in neuronal GT17
cells resulted in a 50% decrease of the cell viability, whereas
expression of either expanded CUG repeats or 20-40 control
CGG repeats was not toxic (Figure 5C). Importantly, the overex-
pression of DGCR8 alone or of DGCR8 plus DROSHA alleviated
the cell death due to the expanded CGG repeats (Figure 5C). As
a control, transfection of control plasmids expressing either
DROSHA alone, DICER or SAM68 had no or little effect. Similar
results were obtained in COS7 cells (Figure S4C). Overall, these
results suggest that a reduced quantity of free DROSHA and
DGCRS is the principal cause of the decreased dendritic com-
plexity and reduced cell viability observed in neuronal cells ex-
pressing pathogenic-expanded CGG repeats.

DISCUSSION
Our results suggest a model for the cellular dysfunction induced
by the expanded CGG repeats present within the 5" UTR of the

FMR1 mRNA. Expanded CGG repeats form a double-stranded
RNA hairpin (Sobczak et al., 2003; Zumwalt et al., 2007; Kumar
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See also Figure S4.

et al., 2011; Kiliszek et al., 2011), which
mimics the structure of pri-miRNAs
recognized by DGCR8 (Zeng and Cullen,
2005; Han et al., 2006). We propose that
DGCR8 interacts with the expanded
pathogenic CGG repeats located within
the 5 UTR of the FMR1 mRNA, thus
sequestering itself and its partner,
DROSHA (Figure 6). As a consequence,
the level of free DROSHA-DGCR8 microprocessor is decreased,
reducing the expression of mature miRNAs and ultimately result-
ing in neuronal cell dysfunction and degeneration. In that aspect,
our work is reminiscent of the abnormal miRNA biogenesis
and phenotypic abnormalities caused by the genetic haploinsuf-
ficiency of Dgcr8 in the 22q11-deletion mouse model (Stark
et al., 2008; Fénelon et al., 2011; Schofield et al., 2011).

A DROSHA-DGCRS titration model has several predicted
consequences for FXTAS pathology. First, a model based on
DGCRS8 titration predicts that the expansion of CGG repeats
must exceed a minimal threshold size to accommodate DGCR8
binding (Zeng and Cullen, 2005; Han et al., 2006). This is con-
sistent with the CGG repeat dependence of clinical involve-
ment and degree of severity observed in patients with FXTAS
(Tassone et al., 2007; Hoem et al., 2011), in whom it is estimated
that “normal” CGG polymorphic repeat lengths are below 40
repeats, “gray zone” alleles contain 40-55 repeats, and patients
with FXTAS are defined by premutation alleles containing 55—
200 CGG repeats. Second, we observed that miRNA expression
was decreased but not fully abolished, which is consistent with
a partial and progressive sequestration of DROSHA-DGCR8
and, consequently, a progressive worsening of the disease
symptoms. Third, previous studies have identified various
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Figure 6. Model of DROSHA and DGCR8 Titration by Expanded CGG
Repeats

Expanded CGG repeats fold into a double-stranded RNA hairpin that recruits
DGCRS, resulting in the titration and immobilization of DROSHA and DGCRS8.
The reduced levels of free DROSHA and DGCRS8 available to normally process
pri-miRNAs into pre-miRNAs result in reduced levels of mature miRNAs, and
ultimately, in neuronal cell dysfunctions.

proteins (e.g., PURa, hnRNP A2/B1, SAM68, etc.) as candidates
for transduction of the CGG-expanded repeat toxicity (Iwahashi
et al., 2006; Jin et al., 2007; Sofola et al., 2007; Sellier et al.,
2010). However, the presence of cytoplasmic inclusions recruit-
ing PURa in fly, but not in mammalian neuronal cells expressing
expanded CGG repeats, raises the question of the superimposi-
tion of two different pathological mechanisms in Drosophila: one
involving PURa in cytoplasmic inclusions, and another involv-
ing the sequestration of specific RNA-binding protein(s) by
the expanded CGG repeats within nuclear aggregates. Such
superimposition of pathogenic mechanisms may explain why
overexpression of Pasha has no evident rescue effect in CGG-
transgenic Drosophila, whereas expression of DGCR8 rescues
the toxicity induced by expression of expanded CGG repeats in
primary cultures of mouse neurons. Also, this superimposition
model would explain the presence of ubiquitin-positive aggre-
gates that do not colocalize with CGG RNA aggregates in knockin
mouse models expressing expanded CGG repeats, as well as
the recent report that only a subset of miRNAs is mis-regulated
in Drosophila expressing expanded CGG repeats (Tan et al.,
2012). Whether such a superimposition of pathological mecha-
nisms also exists in patients with FXTAS remains an open ques-
tion, yet to be determined. Finally, we found previously that
SAMG68 is sequestered within CGG RNA aggregates and that
SAMB68 rescues some of the splicing alterations observed in
CGG-expressing cells (Sellier et al., 2010). However, we now
show that the sequestration of SAM68 into CGG RNA aggre-
gates requires DGCRS8 and that restoration of SAM68 function
is not sufficient to recover all normal neuronal cell functions. By

contrast, expression of DGCR8 alone is sufficient to restore to
normal both the dendritic morphological abnormalities and the
loss of neuronal viability induced by expression of pathogenic-
expanded CGG repeats in cultured mouse neurons.

In conclusion, this work raises the possibility that other human
diseases could operate through a similar sequestration mecha-
nism, provided that the mutant RNA forms a secondary structure
that is recognized by the double-stranded RNA-binding protein,
DGCR8. An appealing hypothesis in light of the recent finding that
noncoding RNAs exceed coding transcripts by more than 5-fold
and that an increasing number of potentially structured G-rich
expanded repeats are found associated with pathologies, such
as the expanded CCGGGG repeats in the C9ORF72 gene that
cause ALS-FTD (Dedesus-Hernandez et al., 2011). The current
observations should also facilitate the development of novel
model systems to better understand the molecular and cellular
mechanisms underlying FXTAS. Finally, from the perspective of
FXTAS treatment, identification of a key interaction between
DGCR8 and the expanded CGG repeats represents an attractive
target for therapeutic intervention. Indeed, if DROSHA and
DGCRS8 are sequestered, they are nevertheless present and
potentially functional; hence, a strategy based on CGG-anti-
sense oligonucleotides or pharmacological compounds (Disney
et al., 2012) able to release the trapped DGCR8 would presum-
ably return to normal the expression of miRNAs altered in FXTAS.

EXPERIMENTAL PROCEDURES

Nano-LC-MS/MS Analysis

Nuclear extract was prepared from mouse brain as described by Dignam et al.
(1983). A total of 300 pg of nuclear extract was passed over an in-vitro-tran-
scribed and -biotinylated RNA (Biotin 11 CTP; PerkinEImer) bound to strepta-
vidin-coated magnetic beads (Dynabeads M-280 streptavidin; Invitrogen) in
the presence of 20 mM HEPES, 300 mM NaCl, 8 mM MgCl,, 0.01% NP40,
1 mM DTT, and protease inhibitor (PIC; Roche). The magnetic beads with
immobilized RNA and its bound proteins were washed three times with the
binding buffer, and bound proteins were eluted by boiling 3 min in the
sample buffer prior to 4%-12% SDS-PAGE (NUPAGE 4%-12% bis-Tris Gel;
Invitrogen) separation and silver staining (SilverQuest; Invitrogen). The protein
bands were excised, digested, and identified using NanoESI_lon Trap (LTQ
XL; Thermo Fisher Scientific).

Cell Cultures and Transfections

Primary cortical neurons were prepared from C57BI/6 mouse embryos at E18
and grown on polylysine-coated 24-well plates in neurobasal medium (NBM)
supplemented with 1xB27, 0.5 mM L-glutamine, and 100 IU/ml penicillin/
streptomycin at 37°C with 5% CO,. Neurons were transfected at day 7 with
Lipofectamine 2000 (Invitrogen) in 400 pul NBM. Medium was replaced after
3 hr with a 1:1 (v:v) mixture of conditioned and fresh NBM. After 30 hr, the
neurons were fixed for FISH/ IF. COS7 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), 10% fetal bovine serum, and gentamicin
at 37°C in 5% CO,. PC12 cells were cultured in DMEM, 10% horse serum,
5% fetal calf serum, and penicillin at 37°C, 5% CO,. GT17 cells were grown
in 10% fetal bovine serum, gentamicin, and penicillin at 37°C in 5% CO, and
transfected 24 hr after plating in DMEM and 0.1% fetal bovine serum to block
cell divisions, using either FUGENE HD (Roche) for COS7 cells or Lipofect-
amine 2000 for PC12 or GT17 cells. For RNA FISH/IF, GT17 cells were plated
in 24-well plates on glass coverslips precoated with a solution of 1% collagen
type | (BD Biosciences).

RNA FISH Combined with IF

Patients with FXTAS have been described previously (case 6, 7, and 9 of
Greco et al., 2006). Mouse or human brain sections were deparaffinized
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two times for 20 min in Histosol Plus (Shandon) and dehydrated as follows:
twice in ethanol 100% (5 min), twice in ethanol 95% (5 min), once in ethanol
80% (5 min), once in ethanol 70% (5 min), and rinsed in PBS before RNA
FISH. Glass coverslips containing plated cells or brain sections treated as
described above were fixed in cold acetone during 20 min at —20°C and
washed three times with PBS. The coverslips or slides were incubated for
10 min in PBS plus 0.5% Triton X-100 and washed three times with
PBS before prehybridization in 40% DMSO, 40% formamide, 10% BSA
(10 mg/ml), 2x SCC for 30 min. The coverslips or slides were hybridized
for 2 hr in 40% formamide, 10% DMSO, 2x SCC, 2 mM vanadyl ribonucle-
oside, 60 pug/ml tRNA, and 30 pg/ml BSA plus 0.75 ng (CCG)8x-Cy3 DNA
oligonucleotide probe (Sigma-Aldrich). The coverslips or slides were washed
twice in 2x SCC/50% formamide and twice in 2x SCC. Following FISH, the
coverslips or slides were washed twice successively in 2x SCC/50% form-
amide, in 2x SCC, and in PBS. The coverslips or slides were incubated 2 hr
with primary antibody against Drosha (1:100 dilution, AB12286; Abcam) or
DGCR8 (1:100 dilution, HPA019965; Sigma-Aldrich). Slides or coverslips
were washed twice with PBS before incubation with a goat anti-rabbit
secondary antibody conjugated with Alexa Fluor 488 (1:500 dilution; Thermo
Fisher Scientific) for 60 min, incubated for 10 min in 2x SCC/DAPI (1:10,000
dilution), and rinsed twice in 2 x SSC before mounting in Pro-Long media
(Molecular Probes). Slides were examined using a fluorescence microscope
(Leica), and identical exposure or microscope setting was used for control or
FXTAS brain section analyses.

Quantitative Real-Time PCR

Total RNA from cells or patient brains, the latter obtained under approved IRB
protocols (University of California, Davis), was isolated by TriReagent (Molec-
ular Research Center). cDNAs were generated using the miScript Il RT Kit
(QIAGEN) for quantification of miRNAs or the Transcriptor High Fidelity
cDNA Synthesis Kit (Roche Diagnostics) for quantification of mRNAs. gPCR
of miRNAs was realized using the miScript Primer Assay (QIAGEN) and
miScript Sybr Green PCR Kit (QIAGEN) in a LightCycler 480 (Roche) with
15 min at 94°C followed by 50 cycles of 15 s at 94°C, 20 s at 55°C, and 20 s
at 72°C. U6 snRNA was used as standard. gPCR of mRNAs was realized using
the LightCycler 480 SYBR Green | Master (Roche) in a LightCycler 480 with
15 min at 94°C followed by 50 cycles of 15 s at 94°C, 20 s at 58°C, and 20 s
at 72°C. The primers are listed in Table S1. RPLPO mRNA was used as stan-
dard, and data were analyzed using the LightCycler 480 analysis software
(2ACt method).

For additional details, please see the Extended Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, four
figures, and two tables and can be found with this article online at http://dx.
doi.org/10.1016/j.celrep.2013.02.004.
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SUMMARY

Fragile X-associated tremor ataxia syndrome
(FXTAS) results from a CGG repeat expansion in
the 5 UTR of FMR1. This repeat is thought to elicit
toxicity as RNA, yet disease brains contain ubiqui-
tin-positive neuronal inclusions, a pathologic hall-
mark of protein-mediated neurodegeneration. We
explain this paradox by demonstrating that CGG
repeats trigger repeat-associated non-AUG-initiated
(RAN) translation of a cryptic polyglycine-containing
protein, FMRpolyG. FMRpolyG accumulates in ubig-
uitin-positive inclusions in Drosophila, cell culture,
mouse disease models, and FXTAS patient brains.
CGG RAN translation occurs in at least two of three
possible reading frames at repeat sizes ranging
from normal (25) to pathogenic (90), but inclusion
formation only occurs with expanded repeats. In
Drosophila, CGG repeat toxicity is suppressed
by eliminating RAN translation and enhanced by
increased polyglycine protein production. These
studies expand the growing list of nucleotide repeat
disorders in which RAN translation occurs and pro-
vide evidence that RAN translation contributes to
neurodegeneration.

INTRODUCTION
A diverse group of human neurological disorders result from

nucleotide repeat expansions (Orr and Zoghbi, 2007). These
mutations can cause disease by protein gain-of-function, protein

440 Neuron 78, 440-455, May 8, 2013 ©2013 Elsevier Inc.

loss-of-function, or RNA gain-of-function mechanisms. For
dominantly inherited repeat expansion disorders, defining
whether the gain-of-function toxicity is elicited as RNA or as pro-
tein has traditionally depended on whether the repeat resides
in an open reading frame (ORF) within an exon. For example, in
Huntington’s disease and other polyglutamine neurodegenera-
tive disorders, expansion of exonic CAG repeats encoding
polyglutamine promotes aggregation and alterations in the
native properties of disease proteins (Orr and Zoghbi, 2007). In
contrast, in myotonic dystrophy type 1, a CUG repeat expansion
in the 3" UTR of the DMPK gene causes toxicity predominantly
as RNA (Cooper et al., 2009). The CUG repeat forms a hairpin
structure that binds and sequesters certain splicing factors while
also triggering activation of other pathogenic cascades.
Recently, however, the line separating RNA and protein gain-
of-function nucleotide repeat diseases has begun to blur. RNA-
mediated toxicity has now been proposed to contribute to
polyglutamine diseases (Li et al., 2008) and bidirectional
transcription through expansions can lead to repeats in both
“coding” and “noncoding” mRNAs, raising the possibility that
multiple toxic species may be produced from a single expansion
(Ladd et al., 2007; Moseley et al., 2006; Wilburn et al., 2011).
Moreover, evidence now suggests that repeats can be trans-
lated into proteins even if they do not reside in an AUG-initiated
open reading frame (Zu et al., 2011). This repeat-associated non-
AUG-initiated (RAN) translation can occur in all three possible
ORFs of a given transcript, leading to numerous potentially toxic
entities from a given repeat sequence (Pearson, 2011). RAN
translation was recently shown to occur through the C9orf72
GGGGCC repeat expansion that causes ALS and frontotemporal
dementia (Ash et al., 2013; Dedesus-Hernandez et al., 2011;
Mori et al., 2013; Renton et al., 2011). These new findings raise
key questions about how RAN translation occurs and whether
it contributes directly to neurodegeneration. As the expected
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mechanisms of toxicity differ depending on whether the inciting
agent is RNA or protein, defining the critical toxic species in each
repeat expansion disorder is an important step toward therapeu-
tic development.

To explore the respective roles of RNA and RAN translation
in repeat-associated neurodegeneration, we investigated fragile
X-associated tremor ataxia syndrome (FXTAS), a common in-
herited cause of gait disorder, dementia, and tremor (Jacque-
mont et al., 2004). FXTAS is caused by a modestly expanded
CGG nucleotide repeat (55-200) in the 5 UTR of the fragile
X mental retardation gene, FMR1. Much larger expansions of
the same repeat cause fragile X syndrome, the most common
inherited form of mental retardation, by silencing FMR1 tran-
scription (Penagarikano et al., 2007). By contrast, in FXTAS
patients and animal models, the moderately expanded CGG
repeat is associated with elevated FMR1 mRNA expression,
neurodegeneration, and intranuclear neuronal inclusions that
contain the CGG repeat mRNA and various proteins (Greco
et al., 2006; Tassone et al., 2004). Research to date has focused
on how the repeat might trigger neurodegeneration through an
RNA mechanism (Jin et al., 2007; Sellier et al., 2010; Sofola
et al., 2007), but critical aspects of disease pathology are not
explained by a purely RNA-mediated process. Notably, the
inclusions in FXTAS brains differ from those seen in other
RNA-mediated disorders: they are large, ubiquitinated aggre-
gates containing chaperone proteins such as HSP70 and many
other proteins that do not interact directly with CGG repeat
mRNA (Greco et al., 2006; lwahashi et al., 2006). The inclusions
of FXTAS instead more closely resemble neuronal intranuclear
inclusions seen in polyglutamine diseases and other protein-
mediated neurodegenerative disorders (Williams and Paulson,
2008).

Here we explain this paradox. We demonstrate that the CGG
repeat expansion in FXTAS triggers RAN translational initiation
within the 5" UTR of FMR1 mRNA through an AUG-independent
mechanism. The translated product, a cryptic polyglycine-
containing protein we name FMRpolyG, is toxic in Drosophila
and in human cell lines, capable of driving intranuclear inclusion
formation, and present in FXTAS patient brains. The ability
to produce FMRpolyG also explains pathologic discrepancies
between two mouse models of FXTAS and directly influences
the toxicity of CGG repeat constructs in Drosophila. Our findings
support a disease model in which RAN translation of an
expanded polyglycine protein contributes to FXTAS disease
pathogenesis and suggest novel approaches toward therapeutic
development in this and other neurodegenerative disorders.

RESULTS

Repeat-Associated Non-AUG-Initiated Translation and
Inclusion Formation in a Drosophila Model of FXTAS

To explore the mechanism of inclusion formation in FXTAS, we
utilized a Drosophila model of CGG repeat-mediated neuro-
degeneration in which the 5" UTR from an FXTAS patient contain-
ing 90 CGG repeats is placed upstream of the coding region
for GFP (Figure 1A; Jin et al., 2003; Todd et al., 2010). Initially
designed to evaluate RNA-mediated toxicity, the (CGG)go
GFP-expressing flies exhibit repeat length-dependent retinal

degeneration (Jin et al., 2003). Remarkably, GFP-positive inclu-
sions accumulate in (CGG)gg GFP-expressing flies but not in flies
expressing GFP alone (Figure 1B). These inclusions form in
both the nucleus and cytoplasm and immunostain positively
for ubiquitin and the chaperone HSP70 (Figures 1C and 1D).

CGG repeat RNA forms foci in FXTAS patients and in cell
models of disease (Sellier et al., 2010; Tassone et al., 2004).
We therefore evaluated whether the observed GFP inclusions
in (CGG)gp GFP-expressing flies colocalize with RNA foci.
Multiple nuclear and cytoplasmic RNA foci were observed in
retinal sections probed with a Cy5-(CCG)s RNA probe (Figure 1E,
see Figure S1A available online) (Sellier et al., 2010). Only a frac-
tion (43%) of RNA foci colocalized with GFP-positive inclusions
(Figure 1F).

In principle, the GFP inclusions could result from general
impairment of the ubiquitin proteasome system (UPS) by CGG
repeat-containing mRNA/protein complexes. Arguing against
this possibility, however, is the fact that coexpression of the
temperature-sensitive B2 proteasomal subunit mutant DTS7
with GFP did not result in GFP inclusions (Figure S1B and data
not shown), whereas it did induce inclusion formation by a
more aggregate-prone fluorescent reporter, DsRed (Figure S1C).
We next crossed flies expressing (CGG)gg GFP with flies ex-
pressing DsRed. In this cross, if GFP inclusions resulted from a
general toxic effect of the repeat, then the aggregation-prone
DsRed should also form inclusions that coaggregate with GFP.
These flies, however, developed GFP-positive inclusions without
coaggregation of DsRed, suggesting that inclusion formation
requires the CGG repeat to be present in the same mRNA that
encodes GFP (Figure S1D). The presence of GFP inclusions
prompted us to test whether enhancing or suppressing protein
quality control pathways could modulate retinal degeneration
in (CGG)gp GFP-expressing flies. Consistent with a protein-
mediated effect, retinal degeneration was enhanced by co-
expressing the temperature-sensitive proteasomal subunit
mutation DTS5 (36 subunit) and suppressed by coexpression
of the chaperone protein HSP-70 (Figure 1G; Jin et al., 2003;
data not shown).

A recent report suggests that CAG repeats can trigger uncon-
ventional translation initiation (RAN translation) in the absence of
an AUG start codon (Zu et al., 2011). We therefore asked whether
CGG repeats trigger RAN translation upstream of, and in frame
with, the GFP coding sequence to generate a higher molecular
weight (HMW) GFP fusion protein that is prone to aggregate.
Indeed, western blot analysis of (CGG)gg GFP Drosophila lysates
revealed an additional GFP species ~12 kDa larger than GFP
(Figure 1H, arrow). Sequence analysis ruled out an unexpected
upstream ATG mutation in the GFP coding sequence or loss of
the GFP stop codon as the basis for this HMW GFP (full
sequence is in Figure S1E). Stringent immunoprecipitations
from (CGG)gg GFP lysates (Figure S1F) also excluded ubiquitina-
tion as the cause of the HMW GFP protein.

Tandem mass spectroscopy (MS) of GFP immunoprecipitates
from (CGG)go GFP Drosophila lysates confirmed the presence
of an unconventional translation product. Three peptides were
identified that correspond to the predicted protein sequence
downstream of the repeat if the FMR1 5 UTR were translated
(Figure 11). These peptides were not detected in flies expressing
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Figure 1. CGG RAN Translation in a Drosophila Model of FXTAS

(A) Schematic of (CGG)go GFP fly construct. A polyglycine protein is produced in these flies by RAN translation proceeding through the CGG repeat. Black
sequence represents vector derived and red sequence represents human derived. Thicker red line indicates CGG repeat. The black arrow shows the expected
AUG translational initiation site for GFP and the expected product. The red bracket and arrow show the RAN translational initiation region for the polyglycine-GFP
fusion protein identified by tandem MS. TSS is the presumed transcription start site.

(B) GFP inclusions in oomatidia from (CGG)go GFP-, but not GFP-, expressing flies.

(C) Confocal micrographs of transverse retinal sections from gmr-GAL4; (CGG)go GFP flies reveal nuclear and cytoplasmic inclusions that colocalize with
ubiquitin.

(D) (CGG)go GFP inclusions partially colocalize with HSP70.

(E) In situ hybridization using a Cy5(CCG)s RNA probe on transverse retinal sections. CGG RNA foci form in the nucleus and cytoplasm of (CGG)go GFP flies and
are either distinct from (arrowhead), or overlap with (arrow), GFP inclusions.

(F) Quantification of colocalization of GFP aggregates with ubiquitin, HSP70, and CGG RNA foci. Error bars represent 95% confidence interval.

(G) Coexpression of proteasomal subunit mutant DTS5 with (CGG)gg GFP enhances retinal degeneration at 28C.

(H) A HMW band is seen with anti-GFP antibody (arrow) in lysates from (CGG)go GFP-expressing flies. Lane 1, gmr-GAL4 flies (negative control); lane 2,
gmr-GAL4; uas GFP; lane 3, gmr-GAL4; uas (CGG)go GFP.

(I) Tandem MS analysis of the HMW GFP band identifies three peptides (yellow) indicating that translation initiates above the repeat. Green sequence represents
GFP. “*” indicates that predicted peptides above the indicated AA sequence were not detected.

(J) The HMW GFP product is selectively digested by the polyglycine endopeptidase, lysostaphin (LS).

GFP alone and are not predicted to exist in the Drosophila prote-
ome. Based on the apparent molecular weight of the observed
product, the identified peptide sequences corresponding to
the 5 UTR, and the reading frame of GFP, we conclude that
the repeat is translated in the GGC reading frame to produce a
90 amino acid polyglycine stretch at the N terminus of the pro-
tein, with translation initiating just 5' to the repeat. Consistent

442 Neuron 78, 440-455, May 8, 2013 ©2013 Elsevier Inc.

with this, further analysis identified a fourth peptide immediately
N-terminal to the polyglycine repeat (Figure 1l) but no other
peptides above this region.

No polyglycine fragment was detected by tandem MS, reflect-
ing the lack of trypsin cleavage sites in expanded polyglycine.
To confirm that the translation product contains polyglycine,
we treated immunoprecipitates with lysostaphin, a specific
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Figure 2. CGG Repeats Trigger RAN Translation and Inclusion Formation in Mammalian Cells

(A) Schematic of (CGG)sg GFP vector and mutations introduced in various constructs. Arrowhead shows the site of additional base insertions to shift the frame of
GFP relative to the repeat. Red box reflects stop codon introduced in the +1 (Gly) frame. Full sequences of all constructs are shown in Table S1.

(B) In COS cells 72 hr after transfection with (CGG)sg GFP constructs, inclusions were observed when the CGG repeat was located in the +1(Gly) frame, but not in
native CGG +0 (Arg) frame. Right panel includes a stop codon inserted between the repeat and the GFP coding sequence.

C) COS cell lysates 72 hr after transfection with indicated plasmids, probed on western blot with antibodies to GFP or Tubulin.

D) Quantification of inclusion formation by (CGG)ss +1 GFP in COS or SY5Y neuroblastoma cells 24, 48, and 72 hr after transfection.

E) Confocal microscopy showing inclusion in an SY5Y cell expressing (CGG)gg +1 GFP, stained for ubiquitin (red) and costained for DAPI (blue).
F) An ATG start site placed upstream of the repeat in the +1 (Gly) frame (ATG-(CGG)gg +1 GFP) increases translation of the HMW GFP product.

(G) ATG-(CGG)gg GFP enhances GFP inclusion formation similar to levels seen with a polyglutamine peptide fused to GFP (Q80-GFP), an aggregation-prone

positive control.

(H) Comparison of percentage of GFP-positive cells with inclusions upon expression of ATG-(CGG)sg GFP or Qgo-GFP 24 hr after transfection. For (D) and (H),

error bars represent SEM.

pentaglycine endopeptidase (Huber and Schuhardt, 1970).
Lysostaphin successfully cleaved the HMW GFP species from
(CGQG)gp GFP lysates but had no effect on GFP alone, confirming
the presence of a polyglycine repeat (Figure 1J).

RAN Translation Produces a Polyglycine-Containing
Protein in Mammalian Cells

Zu et al. (2011) recently described RAN translation triggered
by CAG/CUG repeat expansions in which translation initiates in
all three possible reading frames, beginning within the hairpin
itself. To test whether a similar phenomenon occurs with CGG
repeat expansions, we transfected COS cells or SY5Y neuro-
blastoma cells with a construct containing the FMR1 5 UTR

from an FXTAS patient with 88 CGG repeats placed upstream
of GFP (Figure 2A, Table S1). Importantly, this construct differs
from the (CGG)gg GFP fly sequence in that the GFP start codon
resides in the CGG arginine-encoding frame relative to the repeat
(specified as +0 in all figures). This frame recapitulates the
relationship of the repeat to the FMRP ORF in FMR1 mRNA. In
contrast, the GFP start codon in the Drosophila model resides
inthe GGC glycine-encoding frame (specified as +1 in all figures).
For consistency, the repeat is referred to as CGG in all figures
regardless of the frame in which it is translated, with modifiers
placed before or after the repeat to indicate the relevant ORF
and protein product and any introduced sequence changes.
The sequences of all constructs are included in Table S1.
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Expression of the (CGG)gg +0 GFP construct led to diffuse GFP
expression in transfected cells (Figure 2B), as previously re-
ported (Arocena et al., 2005). To test whether RAN translation
might initiate in other reading frames through the repeat, we
added one or two bases between the CGG repeat and the
ATG start codon of GFP: +1 (GGC, glycine-encoding) and +2
(GCG, alanine-encoding). As in (CGG)gg GFP flies, the +1 (Gly)
frame induced GFP inclusions in COS and SY5Y cells that accu-
mulated over time (Figures 2B and 2D) and were predominantly
intranuclear and ubiquitin positive (Figure 2E). Predictably,
placing a stop codon after the repeat but before the GFP start
site blocked GFP inclusion formation in the +1 (Gly) frame (Fig-
ure 2B). Consistent with the lack of an HMW FMRP species in
FXTAS patients and animal models, no GFP-positive inclusions
were identified in the +0 frame, despite the absence of inter-
vening stop codons between the repeat and the ATG initiation
codon of GFP. To test for the appearance of similar RAN trans-
lation products in mammalian cells as observed in Drosophila,
we performed western blots on cell lysates 72 hr after transfec-
tion with each construct. An HMW GFP species was produced
only in the +1 (Gly) frame and was no longer produced when a
stop codon was placed between the repeat and the GFP start
codon (Figure 2C). With the (CGG)gg +1 GFP construct, this
HMW GFP species constituted ~10% of the total cellular pool
of GFP.

In a parallel set of experiments, we generated constructs in
which GFP lacked its canonical start codon. As expected, this
mutation markedly reduced the production of GFP in transfected
cells, but when a 55 CGG repeat sequence was inserted up-
stream of this ATG-less GFP, placing the repeat in the glycine
(+1)-encoding frame relative to GFP, the number of GFP-positive
cells recovers to 60% of that seen with ATG-GFP (Figures S2A
and S2B). In contrast, placing the CGG repeat in the arginine
(+0)-encoding frame did not significantly increase the number
of GFP-positive cells (Figures S2A and S2B). These findings
correlated with production of RAN translation products as
assessed by western blot: the HMW-GFP protein level was
~10% of that produced from GFP alone, while translation prod-
ucts from the +0 (Arg) construct were below the limit of detection
(Figure S2C).

Studies comparing the aggregation properties of homopoly-
meric peptides suggest that small stretches of polyglycine are
not prone to aggregation (Oma et al., 2004). To evaluate the
aggregation properties of an expanded polyglycine-containing
protein in FXTAS, we introduced an ATG start site upstream of
the repeat in the glycine frame fused to GFP (ATG- (CGG)gg +1
GFP). Incorporation of a canonical start site markedly increased
production of the HMW GFP (Figure 2F), leading to inclusion
formation in most cells 24 hr after transfection, which is com-
parable to the rate of inclusion formation seen when expanded
polyglutamine is fused to GFP (Qgo GFP, Figures 2G and 2H).

Because the risk of developing FXTAS increases with larger
repeats (Leehey et al., 2008), we evaluated the impact of repeat
length on the production and aggregation of HMW GFP. The
normal FMR1 repeat in humans is between 20 and 45 CGGs,
usually interrupted by one or two intervening AGGs. Constructs
with 30, 50, or 88 CGG repeats in the +1 (Gly) frame with GFP all
resulted in HMW GFP production (Figure 3A). Remarkably, pro-
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duction of the RAN translation product appeared to increase with
decreasing repeat size, which may reflect differences in the
transfer efficiency to PVDF membrane or greater translational
efficiency for GFP and HMW GFP with shorter repeats (Chen
et al., 2003). In contrast, aggregation decreased with decreasing
repeat size, such that inclusions were infrequent at 50 repeats
and nearly absent at 30 CGG repeats, suggesting a repeat length
dependence to aggregation (Figures 3B and 3C). This repeat
length dependence to inclusion formation was consistent
across numerous cell types including primary cortical neurons
(Figure S2D). Consistent with published studies, longer repeats
were also associated with decreased cellular viability (Fig-
ure S2E; Arocena et al., 2005; Handa et al., 2005; Sellier et al.,
2010).

RAN Translation of Polyglycine Protein Initiates 5’ to the
CGG Repeat

To elucidate the mechanism by which RAN translation initiation
occurs, we created a series of mutations in the sequence 5’ to
the repeat to determine the minimal requirements for initiation.
We first introduced a stop codon at —6 bp, —12 bp, —21 bp, or
—63 bp from the start of the CGG repeat (Figure 3D). Stop co-
dons placed at —6 bp or —12 bp prevented the appearance of
GFP-positive inclusions and HMW GFP (Figures 3D-3F). In
contrast, placement of a stop codon at —21 or —63 bp did not
block production of HMW GFP, suggesting that RAN translation
initiates between 21 and 12 bases 5 of the CGG repeat
(Figure 3D).

The bias toward translation in the glycine reading frame sug-
gested preferred initiation at a specific non-AUG start site. A
plausible explanation is the use of a specific alternative start
codon as the translational origin rather than initiation within
the hairpin itself. However, serially mutating each potential
alternative start codon (i.e., “near-AUG” codons, differing by
a single base from AUG) in the glycine frame within 60 bp 5’
of the CGG repeat did not eliminate production of HMW GFP
(Figure 3G and data not shown). This result suggests either
that a near-AUG codon is not needed to initiate translation or
that multiple, different near-AUG codons proximal to the repeat
can be utilized, so that eliminating any one near-AUG codon is
not sufficient to prevent translation. To address this latter pos-
sibility, we placed a stop codon at —21 bp, which by itself does
not prevent production of HMW GFP (Figure 3H), and mutated
the only potential near-AUG codon downstream of this stop
codon, a GUG codon at —11 bp. Mutating this GUG codon
to GAG by itself had no impact on HMW GFP production but,
combined with the stop codon at —21, HMW GFP production
was lost (Figure 3H). This result suggests that, at least for
some sequence contexts, a near-AUG codon close to the
repeat is required for CGG RAN translation initiation, but the
specific sequence 5’ to the repeat is less critical. To evaluate
this, we deleted 48 nt just 5’ proximal to the CGG repeat, which
impaired production of HMW GFP (Figure 3l). Deleting 91 nt &'
proximal to the repeat nearly eliminated HMW GFP production,
which could reflect the importance of the specific sequence
just proximal to the repeat or represent a consequence of
shortening the distance between the transcription start site
and the repeat (Figure 3l).
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Figure 3. CGG RAN Translation in Glycine Reading Frame Occurs at Normal Repeat Lengths, Initiates before the Repeat, and Does Not
Require a Specific Non-AUG Codon

(A) RAN translation occurs even with shorter repeats in the +1 (Gly) frame.

(B) Representative fluorescent micrographs of cells transfected with (CGG),, +1 GFP constructs with the indicated number of repeats.

(C) Percent transfected COS cells with GFP+ inclusions 72 hr after transfection of (CGG),, +1 GFP of the indicated repeat lengths.

(D) Top: schematic of (CGG),, +1 GFP construct with location of introduced stop codon mutations. Bottom: western blot of cell lysates 72 hr after transfection with
the indicated constructs. Placing a stop codon 6 or 12 bp 5’ to the repeat inhibits production of HMW GFP.

(E) Fluorescent micrographs of COS cells expressing (CGG)gg +1 GFP or stop@-12 (CGG)g4 +1 GFP, 72 hr after transfection.

(F) Quantification of GFP inclusion formation in the presence or absence of a stop codon 12 bp 5’ to the CGG repeat.

(G) Top: schematic demonstrating position of specific mutations in “near-AUG” codons that might serve as alternative start sites for CGG RAN translation in
the +1 frame. Bottom: western blot of lysates from cells expressing the indicated constructs demonstrates that eliminating any single near AUG codon is
insufficient to block RAN translation.

(H) Top: schematic demonstrating position of stop codon and near AUG codon mutation introduced into (CGG),, +1 GFP construct. Bottom: the elimination of a
near AUG codon at —11 (lane 2) or the presence of a stop codon at —21 (lane 3) allows HMW GFP translation, but combining these mutations (lane 4) eliminates
HMW GFP production.

(I) Top: schematic demonstrating deletion mutations that remove 48 or 91 nt just 5" proximal to the repeat. Bottom: western blot demonstrating that removal of
proximal sequence partially or completely impedes RAN translation in the +1 (Gly) frame. For this and other figures, differing sizes of the HMW GFP-positive bands
reflect repeat instability incurred during cloning; repeat size is shown below the GFP blot for each lane. Positions of specific mutations are defined relative to the 5
start of the repeat. Full sequences of all constructs are in Table S1. **p < 0.001 for trend, one-way ANOVA, *p < 0.001 versus GFP, {p < 0.001 versus (CGG)gg +1
GFP, t test. For (C) and (F), error bars represent SEM.
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Figure 4. A RAN Translation Product Is Also
Produced in the Alanine Frame

(A) Schematic of (CGG)gg +2 GFP construct. Green
arrowhead indicates where an intervening stop
codon was removed. Red arrowheads indicate
introduced stop codons.

Unconventional translation resulting in a
discrete HMW-GFP species and aggregated pro-
tein in the stack is detected in the +2 (GCG,
alanine-encoding) frame when an intervening stop
codon is removed.
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RAN Translation Also Occurs in the Alanine Reading
Frame

RAN translation associated with CGG repeats was not restricted
to the glycine frame. In the +2 (GCG, alanine-encoding) frame,
removing an in-frame stop codon between the repeat and the
GFP coding sequence led to an HMW GFP band and aggre-
gated protein (Figures 4A and 4B), although GFP-positive inclu-
sions were not seen in transfected cells (Figure 4C). The +2 (Ala)
frame HMW GFP species electrophoreses as a slightly smaller
protein than what is seen with identical sized repeats in +1
(Gly) frame constructs, suggesting a different site of initiation
(Figure 4B). In contrast to our results in the +1 (Gly) frame,
reducing the repeat size to 30 CGGs eliminated expression of
HMW GFP in the +2 (Ala) frame (Figure 4D). When a stop codon
was introduced in the +2 (Ala) frame at —8 bp from an expanded
(CGQG)gg repeat, expression of the HMW GFP persisted (Fig-
ure 4E). This result could reflect translational initiation in
the +1 (Gly) frame followed by a frameshift into the +2 (Ala)
frame, as frameshifts are known to occur with longer CAG
repeat expansions (Stochmanski et al., 2012). To test this pos-
sibility, we introduced an upstream stop codon (—6 bp) in
the +1 (Gly) frame while placing the downstream GFP sequence
in the +2 (Ala) frame. This did not eliminate expression of an
HMW GFP product (Figure 4E). To further exclude a Gly to Ala
frame shift, we incubated lysates from cells expressing
(CGG)gg +1 GFP or (CGG)gg +2 GFP with lysostaphin. Lysosta-
phin degraded HMW GFP produced in the +1 (Gly) frame but
not in the +2 (Ala) frame (Figure 4F). We conclude that RAN
translation associated with CGG repeats in the FMR1 5" UTR
occurs in at least two of three possible reading frames, but
the constraints on translational initiation appear to differ for
these two frames.
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(F) Three hour digestion of GFP immunoprecipi-
tates with Lysostaphin eliminates the HMW
species in the +1 (Gly) frame but not in the +2 (Ala)
frame.

-+ -+

The FMR1 5 UTR Is Engaged with Translating
Ribosomes

CGG RAN translation in Drosophila and transfected mammalian
cells suggests that unconventional translation may also occur in
FXTAS patients. To explore this possibility, we first assessed
whether the 5’ UTR of FMR1 mRNA is associated with translating
ribosomes by querying ribosome profiling data sets previously
generated in human cell lines (Guo et al., 2010; Hsieh et al.,
2012; Ingolia et al., 2012). This technique combines ribosomal
foot printing with next-generation sequencing to identify sites
of active translation. In examining the distribution of ribosomes
on FMR1 mRNA in published data sets, we observed that most
sequence reads occurred, as expected, over coding regions of
the FMR1 mature mRNA sequence (Figure 5A), with few if any
reads in introns or the 3’ UTR. However, in the 5" UTR of FMR1
mRNA, two peaks of protected sequence were present in the
region just 5’ to the CGG repeat (Figure 5A), suggesting that
fully assembled translating ribosomes do reside in this region
of FMR1 RNA in human cells. These peaks exhibited ~40% of
the mean read coverage and 60% of the peak read coverage
observed in the first coding exon of FMR1 and were consistent
across three published data sets in different human cell lines
(Hsieh et al., 2012; Ingolia et al., 2012). Analysis of three mouse
cell line data sets revealed a similar set of peaks just 5’ to the
CGG repeat (Figures S4C and S4D) (Guo et al., 2010; Ingolia
et al., 2011; Lee et al., 2012; Thoreen et al., 2012).

Data from studies utilizing the translational inhibitor Herringto-
nine to stall ribosomes at initiation suggest that many transcripts
contain active upstream ORFs with initiation at alternative
translational initiation sites (aTISs) (Figure S4) (Fritsch et al.,
2012; Ingolia et al., 2011). Consistent with this observation, the
average read density over the FMR1 5’ UTR was comparable
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to the majority of transcripts across data sets in both human and
mouse samples. We therefore focused our attention on the
enhanced read density over near-AUG codons just 5’ proximal
to the repeat, given that our cell culture data was most consistent
with initiation in this region. We reasoned that enhanced read
density could represent pausing of assembling ribosomes at
initiation sites (Ingolia et al., 2011). The read density over two
specific near-AUG codons (iGTG 12 nt 5 to the repeat and
iCTG 24 nt 5 to the repeat) was significantly enhanced
compared to other nucleotide triplets within the FMR1 5" UTR
(Figures S4A and S4B). Similarly, the mouse fmr1 5’ UTR also ex-
hibited peaks of increased RP read density just 5’ proximal to the
repeat that correlated with Herringtonine-identified initiation
sites at near-AUG codons (Figures S4C and S4D). When
compared to the distribution of read densities within 5 UTRs
on a transcriptome-wide level, these sites within the FMR1/
fmr1 5 UTR demonstrate relative read densities that are compa-
rable to Herringtonine-confirmed alternative translational initia-
tion sites (Figures S4E-S4G). Taken together, these data are
consistent with translational initiation within the 5 UTR of
FMR1/fmr1 just proximal to the CGG repeat.

The FMR1 Polyglycine Protein Is Present in FXTAS
Patient Brains

Translation of a 90 CGG repeat-containing FMR1 mRNA is
predicted to produce an 11.5 kDa protein that contains an
N-terminal polyglycine stretch followed by a 42 amino acid
carboxyl terminal domain out of frame with the downstream
FMRP start codon; we named this predicted protein FMRpolyG
(Figure 5B). To determine whether FMRpolyG is made in FXTAS
patients, we developed a monoclonal antibody (2J7) against a
peptide from the predicted human protein (Figure 5B). Tested
against recombinant FMRpolyG generated in bacteria as a
GST-HIS fusion, 2J7 recognized two bands in bacterial lysates
and purified protein samples (Figure 5C) that were confirmed
by tandem MS to be FMRpolyG. In transfected mammalian
cells expressing a FLAG-tagged FMRpolyG with 55 repeats,
both 2J7 and FLAG antibody detected a protein electro-
phoresing at a slightly higher than expected MW of ~16 kDa
(Figure 5D). In transfected COS cells, FLAG-FMRpolyGss
displayed diffuse nucleocytoplasmic staining with occasional
intranuclear inclusions detected by immunofluorescence with
either 2J7 or anti-FLAG antibodies (Figure 5E). 2J7 immuno-
staining also colocalized with GFP inclusions formed in cells
expressing FMRpolyGgo-GFP (Figure 5F). In contrast and as
expected, 2J7 staining did not colocalize with GFP or inclu-
sions in cells expressing an expanded polyglutamine-GFP
fusion (Figure 5F).

To evaluate whether FMRpolyG is expressed in FXTAS patient
brains, we performed western blots on cerebellar lysates from
FXTAS patients. In pathologically confirmed FXTAS cases, an
~15 kDa band was identified in FXTAS lysates but not in control
or AD brain lysates (Figure 5G, Figure S5E). We next evaluated
whether this antibody differentially immunostained brain tissue
from patients with clinically and pathologically confirmed
FXTAS. Immunostaining with 2J7 was much more robust in
FXTAS patient-derived hippocampal sections than in control
tissue sections and included nuclear and perinuclear aggregates

in FXTAS sections not seen in controls (Figure 5H, Figure S5A).
In FXTAS hippocampus, numerous ubiquitin-positive inclusions
were observed (Figure S6B), consistent with previous reports
(Greco et al., 2006), and these inclusions coimmunostain with
2J7 (Figure 5l, Figures S5B-S5D). In contrast, 2J7 did not
immunostain ubiquitinated polyglutamine inclusions in SCA 3
patient tissues (Figure 5I, Figure S6E). Similar staining by
western blot and immunohistochemistry was observed using a
different monoclonal antibody (2C13) against an overlapping
epitope (Figures S5F-S5L).

We also generated an additional rabbit polyclonal antibody
AbB05 raised against a larger peptide fragment of FMRpolyG
(Figure 5B). This antibody also recognizes the recombinant pro-
tein (Figure 5J). To evaluate whether Ab605 recognizes FMRpo-
lyG in inclusions in tissue, we first tested it on transverse retinal
sections of Drosophila expressing the full antibody epitope. In
flies expressing (CGG)gg GFP, Ab605 readily colocalized with
GFP+ inclusions (Figure S6A) but showed minimal staining in
flies expressing GFP alone (Figure S6A). Whereas in control
human tissue Ab605 displayed mild diffuse staining not seen in
preimmune controls, Ab605 robustly stained neurons and intra-
nuclear inclusions in FXTAS brain (Figure 5K, Figure S6C). By
immunofluorescence, Ab605 staining colocalized with ubiquitin
in FXTAS brain tissue (Figure S6D). Recognition of FXTAS
inclusions was specific, as there was no staining by Ab605 of
ubiquitinated polyglutamine inclusions in tissue sections from a
spinocerebellar ataxia 3 brain (Figure S6E).

RAN Translation of the Polyglycine Protein Explains the
Difference in Inclusion Formation between Two Mouse
Models of FXTAS

To gauge the functional consequence of expressing a cryptic
polyglycine protein, we turned to two similar mouse models
of FXTAS. In both models, one generated in the Netherlands
(Willemsen et al., 2003) and the other at the NIH (Entezam
et al., 2007), premutation repeats were inserted into the 5 UTR
of the mouse fmr1 locus. Both knockin (Kl) models demonstrate
intragenerational repeat instability and some evidence of neuro-
degeneration, but their phenotypes have not been directly
compared (Brouwer et al., 2008). Comparing the cloning strate-
gies used to make both lines, we noted that the NIH mouse
model retains a greater region of mouse 5 UTR surrounding
the CGG repeat, including a TAA stop codon 18 bp 5 of the
repeat in the glycine frame (Figure 6A). This stop codon is not
present in the Dutch knockin mouse or in humans. In cell culture
experiments, placing the NIH mouse sequence, but not the
Dutch mouse sequence, just proximal to the repeat blocked
translation in the +1 (Gly) frame (Figure 6B). Thus, we would
predict expression of the novel polyglycine protein only in the
Dutch knockin mouse. Consistent with this prediction, 18-
month-old mice from both lines differ greatly in the number
and distribution of ubiquitinated inclusions. In Dutch knockin
mice, ubiquitin-positive inclusions accumulate in the hypothala-
mus, cortex, and brainstem (Figures 6C and 6D) as previously
reported (Brouwer et al., 2008), whereas they were seen less
frequently in NIH knockin mice (Figures 6C and 6D). This differ-
ence exists despite similar expression of (CGG),, fmr1 RNA in
both models (Figure 6E).
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Figure 5. The Predicted Polyglycine Protein Is Present in FXTAS Patient Brains

(A) Read coverage map of FMR1 locus derived from a published ribosomal profiling data set in HEK293 cells (Ingolia et al., 2012). Numbers along the x axis
represent position within the genome. y axis represents number of sequence reads at each position. Black bars represent exons, intervening sequences are
introns, and blue boxed sequences represent 5’ UTR (left) and 3’ UTR (right). Red box indicates the region shown at higher resolution in the bottom panel, which
includes the FMR1 5’ UTR and first exon. Green and red asterisks indicate position of possible near AUG initiation codons iGUG (12 bp proximal to repeat) and
iCTG (24 bp proximal to repeat), respectively. Note significant reads over region 5’ proximal to the CGG repeat sequence.

(legend continued on next page)
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Because Ab605 was raised against a peptide sequence
largely conserved in mouse, we used it to determine whether
there is divergent immunostaining for FMRpolyG protein in the
two models. Again, Dutch knockin mice show much greater
immunostaining for FMRpolyG, including punctate nuclear
staining consistent with inclusions in brain regions that also
display ubiquitin-positive inclusions (Figures 6F and 6G). By
coimmunofluorescence, Ab605 staining for FMRpolyG in Dutch
knockin mice colocalized with ubiquitin-positive inclusions
(Figure 6H). Together, these data suggest a dissociation of
pathology in the two models based on differences in the ability
to generate the polyglycine protein.

Translation of the Polyglycine Protein Contributes

to CGG Repeat Toxicity in Human Cell Lines

and Drosophila

The above results demonstrating RAN translation of a polygly-
cine protein in FXTAS models and patients support a role for
FMRpolyG in aggregate formation in FXTAS. A critical, unan-
swered question is whether this polyglycine protein contributes
to disease pathogenesis in FXTAS, or whether instead the
CGG repeat as mRNA is wholly responsible for repeat-associ-
ated neurodegeneration. We therefore evaluated the effect of
driving translation through the repeat on cell viability. Compared
to expression of GFP alone, (CGG)gg +1 GFP expression was
associated with increased cell death at 72 hr, as measured by
propidium iodide exclusion in GFP-positive cells (Figure 7A).
This toxicity was repeat length dependent (Figure S2E), consis-
tent with previous reports (Arocena et al., 2005; Sellier et al.,
2010). When translation of the polyglycine protein was enhanced
by placing an ATG upstream of the repeat, which increases pro-
duction of the polyglycine protein without altering (CGG) GFP
mRNA levels, the toxicity of the construct increased further
(Figure 7A).

Because introducing a stop codon just before the repeat elim-
inated production of HMW GFP, we reasoned that this construct
might allow us to determine whether initiating RAN translation is
required for repeat-associated toxicity. Computer modeling of
the FMR1 5’ UTR RNA secondary structure predicts an energet-
ically favorable hairpin that includes the CGG repeat (Figure S3;
Napierala et al., 2005). Placement of a stop codon at —12 bp
relative to the repeat is not predicted to disrupt this hairpin (Fig-
ure S3), suggesting that CGG repeat structure should be pre-

served in this construct. We therefore measured cell death in
transfected cells expressing (CGG)gg +1 GFP or a similar
(CGQG)g4 +1 GFP construct containing a stop codon 12 bp before
the repeat. Inclusion of this stop codon suppressed toxicity
associated with the CGG repeat expansion, suggesting that a
component of repeat toxicity reflects production of a polyglycine
protein (Figure 7A).

To evaluate these effects in vivo, we generated a series of
Drosophila lines in which the repeat was placed in different
sequence contexts relative to GFP (Figure 7B, Table S2). We first
regenerated lines in which the CGG repeat in the 5 UTR of FMR1
is inserted upstream of GFP in the +1 (Gly) reading frame. In other
lines, we inserted an ATG and FLAG tag just upstream of the
CGG repeat to maximally drive expression of the polyglycine
protein. To generate constructs in which the CGG repeat would
be present as RNA but not translated into protein, we took two
approaches: (1) inserting a stop codon 12 nt 5’ of the CGG repeat
to prevent repeat-associated translation of the polyglycine pro-
tein, as shown earlier in cell culture (Figure 3D), or (2) moving
the CGG repeat and surrounding regions of the 5’ UTR to a po-
sition downstream of GFP in the 3’ UTR. In cell culture, this repo-
sitioning blocked RAN translation (Figure 7C). All Drosophila lines
expressed 100 CGG repeats, which were stable with intergener-
ational transmission.

Differential placement of the CGG repeat modestly altered
transcript expression in Drosophila, with increased GFP mRNA
in lines containing the repeat in the 5’ UTR (Figure S7A), perhaps
due to local chromatin effects (Todd et al., 2010). Accordingly,
we chose for further analysis lines in which GFP RNA production
was comparable (Figure S7A). At the protein level, placing the
CGG repeat in the 5’ UTR led to less overall GFP translation
than did placement in the 3’ UTR (Figure 7D). As expected,
including an ATG start codon upstream of the repeat led to
increased production of HMW GFP but decreased production
from the canonical TIS of GFP (Figure 7D).

To determine the impact of polyglycine protein expression on
neurodegenerative phenotypes, we expressed each transgene
in retinal oomatidia. In flies expressing the repeat in the 5
UTR, we again observed the appearance of ubiquitin-positive
GFP inclusions, which occurred more frequently when an ATG
was placed upstream of the repeat (Figure 7E). In lines with a
stop codon 5’ to the repeat or with the repeat positioned in the
3’ UTR, there were no GFP inclusions.

(B) Predicted sequence of human FMRpolyG protein with 90 glycines. Underlined regions represent peptides used to generate 2J7 and 605 antibodies.

Polyglycine sequence is indicated by red box.

(C) GST and 2J7 antibody staining of recombinant purified GST-HIS-FMRpolyGs, protein.

(D) Expression of a FLAG FMRpolyGss construct in COS cells stained with 2J7 and reprobed with anti-FLAG antibody and Tubulin. The protein runs higher than
expected based on predicted size. NTC, no template control. *, nonspecific band. Arrow, FLAG-positive band.

(E) Immunofluorescence with FLAG (green) and 2J7 (red) in COS cells expressing FLAG-FMRpolyGss.

(F) Coimmunofluorescence of GFP and 2J7 signal in COS cells expressing FMRpolyGoo GFP (left panels) or Qgg GFP (right panels).

(G) Western blot with 2J7 of cerebellar lysates from two FXTAS patients and an age-matched control. Arrow indicates bands seen in FXTAS but not control

samples.

(H) Representative images of 2J7 immunostaining from frontal cortex (CTX) and hippocampus (Hipp) of control and FXTAS brain.

(I) Coimmunofluorescence with 2J7 (green) and anti-ubiquitin (red) in FXTAS hippocampus (top two panels) or cortex (third panel) from three different FXTAS
subjects. In contrast, ubiquitinated inclusions in the pons of a patient with the polyglutamine disorder SCA-3 do not costain with 2J7.

(J) GST and rabbit polyclonal Ab605 staining of recombinant FMRpolyG protein. Arrow indicates band recognized by GST and Ab605.

(K) Representative images of Ab605 immunostaining of frontal cortex (CTX) and cerebellum from control and FXTAS brain. Unless otherwise noted, scale bars

represent 50 um.
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We next determined whether expression of these different
transgenes elicited a rough-eye phenotype as a measure of
toxicity. Placing the repeat in the 5 UTR and in-frame with
GFP resulted in a moderate rough-eye phenotype (Figures 7F,
7G, and S8C), but this same repeat elicited only a very mild
rough-eye phenotype when inserted into the 3" UTR of GFP.
Similarly, inserting a stop codon just 5’ to the repeat suppressed
toxicity (Figures 7F, 7G, and S7C). In contrast, when an ATG was
included 5 to the repeat to drive polyglycine production, the
rough-eye phenotype was more severe (Figures 7F and 7G).
These results were consistent across multiple insertion lines
(Figure S7C). When expressed ubiquitously, a CGG repeat
placed in the 5 UTR of GFP led to a decrease in viable progeny,
and inclusion of an ATG 5’ of the repeat further enhanced this
toxicity (Figure 7H). In contrast, including a stop codon 5 of
the repeat or placing the repeat in the 3' UTR prevented CGG
repeat-associated alterations in viability (Figure 7H). Together,
these results suggest that RAN translation of a polyglycine pro-
tein contributes to CGG repeat toxicity in Drosophila.

DISCUSSION

Our results demonstrate that RAN translation occurs in associa-
tion with CGG repeats in the neurodegenerative disorder FXTAS,
a disease previously thought to result primarily from RNA-
mediated toxicity. These findings, along with recent reports
detailing unconventional translation through CAG repeats in
spinocerebellar ataxia type 8 and myotonic dystrophy type |
(Zu et al., 2011) and GGGGCC repeats in C9orf72-associated
ALS/FTLD (Ash et al., 2013; Mori et al., 2013), suggest that
RAN translation is a shared pathogenic mechanism in many
repeat expansion disorders. We further demonstrate that pro-
duction of one particular CGG RAN translation product in
FXTAS, FMRpolyG, directly modulates CGG-associated pathol-
ogy in two distinct model systems. First, the ability to generate
the FMRpolyG protein explains a key pathologic discrepancy
between two established knockin mouse models. Second, in
Drosophila we demonstrate that CGG repeat-associated neuro-
degeneration is largely dependent on FMRpolyG production.
These results suggest that RAN translation contributes to FXTAS
pathogenesis (Figure 8) and support an emerging view that non-
exonic repetitive elements can trigger toxicity simultaneously
as both RNA and protein.

The mechanisms underlying RAN translation remain unclear.
The unconventional translation described here appears to
initiate predominantly at a near-AUG codon just 5’ proximal of
the repeat. This finding suggests a model wherein a scanning
43S ribosomal preinitiation complex stalls at the CGG repeat,
allowing for alternate usage of a near match at the initiation
codon (Figure 8). This model is based on our observation that
placing a stop codon just proximal to the repeat or shortening
the 5' leader before the repeat impairs RAN translation in this
reading frame (Figure 3). In contrast, CGG RAN translation in
the other two possible reading frames behaves differently. We
do not detect any RAN translation product from the +0 (CGG,
polyArginine) reading frame, and RAN translation in the +2
(GCG, polyAlanine) reading frame is less efficient, occurs when
stop codons are inserted 5 of the repeat, and demonstrates
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Figure 6. Sequence Differences 5 of the Repeat Explain Divergent
Inclusion Formation in Two Mouse Knockin Models of FXTAS

(A) Sequence differences in two established CGG knockin models of FXTAS
highlighting a stop codon 18 bp before the repeat present only in the NIH
mouse.

(B) Placement of the NIH mouse sequence, but not the Dutch sequence, just 5’
to the repeat eliminates the HMW GFP species in the +1 (Gly) frame.

(C) Representative images (original magnification 400%, inset 1,000x) of
hypothalamus from 18-month-old NIH and Dutch knockin mice stained with
antibody to ubiquitin.

(D) Quantification of ubiquitin-positive inclusions in 18-month-old NIH and
Dutch mice in the specified brain regions.

(E) Relative expression of fmr1 mRNA in WT, NIH, and Dutch mice at 6 months
of age (n = 4/genotype).

(F) Representative images of hypothalamus from 18-month-old NIH and
Dutch knockin mice stained with Ab605 against FMRpolyG.

(G) Quantification of 605-positive inclusions in 18-month-old NIH and
Dutch mice in the specified brain regions.

(H) Confocal microscopy in the Dutch knockin mice showing colocalization
of ubiquitin and Ab605 staining inclusion in frontal cortex (left images). For (D),
n > 300 cells/brain region and >1,000 cells/genotype, *p > 0.01 on Pearson’s
chi-square test. Error bars represent 95% confidence interval for (D) and (G)
and SEM for (E).

CGG repeat length dependence (Figures 3, 4, and 5). Differences
in the propensity for translational initiation in different reading
frames were also reported for RAN translation of expanded
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Figure 7. Production of Polyglycine Protein from CGG Repeat RNA Constructs Correlates with Toxicity in Drosophila Models

(A) COS cell viability 72 hr after transfection of (from left to right) GFP alone, (CGG)gg +1 (Gly) GFP, ATG-FLAG-(CGG)gg +1 (Gly) GFP, or Stop®'2(CGG)ea +1 (Gly)
GFP. *p < 0.05 versus GFP alone; {p < 0.05 versus (CGG)gg GFP.

(B) Schematic of pUAST constructs used to generate fly lines with differing amounts of polyglycine protein production but identical (CGG) repeat RNA expan-
sions. Full sequences are shown in Table S2. Boxed red X, stop codon; green, GFP; red, CGG repeat; blue, other sequence; yellow, epitope tag (Flag or 6xHis tag).
(C) Placing the CGG repeat in the 3" UTR of GFP eliminates the RAN translation product. COS cells were transiently transfected with either GFP (— control),
ATG-FLAG-(CGG)100 +1 GFP (+ control), or GFP-STOP-(CGG)100-FLAG and total lysates were harvested. Blots were serially probed with antibodies to FLAG,
GFP, and actin.

(D) Lysates from Drosophila lines expressing the described constructs were probed with GFP or Tubulin. The higher MW of the ATG construct results from 150 nt
of intervening sequence between the start codon and the start of the (CGG)1qo repeat.

(E) GFP inclusion formation in Drosophila eye cross-sections of the indicated genotypes.

(F) Representative images of eyes 1-2 days after eclosion with the indicated genotypes demonstrate differential toxicity across lines that is dependent on
polyglycine translation.

(legend continued on next page)
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Figure 8. Model for CGG RAN Translation
in Fragile X-Associated Tremor Ataxia
Syndrome

Ribosomes assemble on the 5’ end of the FMR1
message and scan the mRNA for an appropriate
initiation sequence. Near the CGG repeat hairpin,
the 43S preinitiaton complex (red) stalls, triggering
RAN translational initiation at a near-AUG codon.
Once translation initiates, the ribosome reads
through the repeat to produce a polyglycine-con-
taining protein. Normally, this peptide is readily
cleared from cells, but with larger repeats the re-
sultant expanded polyglycine protein accumulates
in inclusions. The downstream AUG start site for
FMRP is not in frame with the polyglycine protein;
thus, no N-terminal addition onto FMRP occurs
with this CGG RAN translation. Trailing ribosomes
(green) may not stall at the hairpin but instead
initiate translation normally at the AUG for FMRP.

FMRP coding sequence

mammalian cells of enhanced toxicity
with increased polyglycine translation
and lessened toxicity when translation is
reduced. However, numerous published
studies support a primary role for CGG
RNA in toxicity (Arocena et al., 2005;
Hashem et al., 2009; Jin et al., 2007;
Sellier et al., 2010; Sofola et al., 2007),

FMRP coding sequence

leading us to suggest that, in FXTAS,
additive or synergistic toxicity associated
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S
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-Inclusions
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CAG repeats in SCA 8, in which the surrounding sequence
appeared to be an important modulator (Zu et al., 2011). Thus,
RAN translation may not result from a single mechanism. Rather,
each repeat, and indeed each reading frame within each repeat,
may have different contextual requirements. These differences
notwithstanding, the fact that atypical translation has now
been observed independently with four different nucleotide
RNA repeats in cell lines, animal models, and human tissues
suggests that it is a more widespread biological event than
anticipated.

An emerging question now is what roles do these translation
initiation events play in normal physiology and in disease? Our
findings support a significant role for the FMRpolyG protein in
disease pathogenesis, given the evidence in Drosophila and

\

FMRP translation initiates at
AUG by trailing ribosomes

with both toxic RNA and toxic proteins

\‘L‘w\ may be critical to disease pathogenesis.
FMRP ‘\; Though we have focused on FMRpolyG
- \1]‘ production, other CGG RAN translation-

associated products such as the polyala-
nine protein could represent additional
toxic species. Moreover, if RAN transla-
tion occurs with CCG repeats, then pro-
duction of other homopolymeric proteins from the antisense
transcript through the repeat could also be relevant (Ladd
et al., 2007). For all of these potentially toxic entities, it will be
important to determine their relative production in patients and
relative degree of toxicity in animal models to ascertain their
roles in disease pathogenesis.

CGG RAN translation may also play a normal physiological
role in translational regulation of FMR1 mRNA. FMRP, the protein
product of FMR1, critically regulates synaptic function and its
loss leads to fragile X syndrome, a common cause of autism
and mental retardation. FMR1 mRNA is rapidly translated at
synapses in an activity-dependent manner, where it constrains
local synaptic protein translation (Penagarikano et al., 2007).
Our results in transfected cells show that RAN translation can

(G) Quantification of the rough-eye phenotypes associated with the indicated genotypes demonstrates significantly enhanced toxicity in lines with enhanced
polyglycine translation and reduced toxicity in lines in which CGG RAN translation is blocked.
(H) Ubiquitous expression of CGG GFP transgenes in the 5’ UTR decreases fly viability as measured by progeny eclosion ratios. This change in viability is blocked
in CGG 5’ stop lines and CGG 3’ UTR lines but the constructs are more toxic in ATG-CGG GFP lines in which polyglycine protein production is enhanced. For (G)
and (H), *p < 0.05 versus 3’ UTR or GFP; 1p < 0.05 versus 5’ UTR. Error bars represent SEM.
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occur at normal repeat sizes, with initiation occurring within a
narrow region just 5’ of the repeat (Figure 8). Analysis of ribo-
somal profiling data sets derived from samples with normal
CGG repeat sizes demonstrates the presence of assembled
ribosomes over these regions in both human and mouse cell
lines (Figures 5 and S5; Ingolia et al., 2011). Intriguingly, the
Drosophila homolog of FMRP, dfxr, is expressed as two iso-
forms, with the larger isoform initiating translation at a CUG
codon upstream of the canonical TIS, indicating that aspects
of this process may be evolutionarily conserved (Beerman and
Jongens, 2011). Upstream ORFs are believed to suppress
expression from downstream canonical ORFs (Chatterjee and
Pal, 2009). In the case of FMR1 mRNA, translation through the
repeat may assist RNA unwinding via helicase recruitment,
allowing normal scanning by trailing ribosomes and appropriate
initiation at the canonical ORF (Figure 8). Alternatively, ribo-
somes translating through the repeat could terminate translation
and reinitiate at the AUG of FMRP, or ribosomes could initiate
downstream of the repeat via an internal ribosomal entry site
(Ludwig et al., 2011).

Variations on the RAN translation described here potentially
could expand the percentage of the transcriptome encoding
for protein, complicating the classical definitions by which we
divide “coding” from “noncoding” RNA. Consistent with this,
recent unbiased methods in yeast and mammalian cells reveal
that thousands of transcripts initiate translation at non-AUG start
sites, often creating upstream ORFs in sequences previously
identified as 5 UTR (Ingolia et al., 2011; Ivanov et al., 2011).
Usage of these atypical upstream ORFs is responsive to
changes in cell state and external stimuli (Brar et al., 2012).
Mechanisms similar to those reported here may therefore have
broader repercussions for the neuronal proteome and global
translational regulation.

EXPERIMENTAL PROCEDURES

Fly Stocks

Drosophila lines used in Figures 1 and S1 of this study have been previously
described in Jin et al. (2003), Pandey et al. (2007), and Todd et al. (2010).
Details of construction of new fly lines are in the Supplemental Experimental
Procedures and Table S2. Unless stated otherwise, all crosses were done
and maintained on standard food at 25°C. For (CGG)go GFP lines, stability of
the CGG repeat was confirmed by PCR and sequencing using C and F primers.

Plasmid Constructs for Cell Culture Experiments

Cell culture expression plasmids were derived from CMV-(CGG)gg-GFP, a kind
gift from Paul Hagerman (Arocena et al., 2005) or were PCR cloned from
patient-derived cell lines. Sequence variants were generated from this
vector by site-directed mutagenesis (Stratagene) according to manufacturer’s
protocols. All vector sequences were confirmed by Sanger sequencing and
are described in detail in Table S1.

Lysostaphin Protease Digestion

Immunoprecipitation with anti-GFP agarose beads was conducted as
described in the Supplemental Experimental Procedures. Prior to elution,
the beads were washed 2x in RIPA without protease inhibitors and then in
20 mM Tris-HCI buffer at pH 7.5 without protease inhibitors. The agarose
beads were then incubated with 0.1 mg/ml Lysostaphin (Sigma) in Tris
buffer or in Tris buffer alone with agitation at room temperature for 3 or
20 hr. The beads were then washed 1 x 5 min with RIPA buffer and eluted
with Laemmli buffer.

Antibody Generation

Monoclonal mouse antibodies 2J7 and 2C13 were developed commercially
(Abmart) against a 10 amino acid peptide, LAGLKRRWRS, in the predicted
carboxyl terminus of the FMR1polyG. The epitope is predicted to be present
in human patient samples, with a near match (8/10 AA) to the original
(CGG)go GFP Drosophila lines, but not the newly constructed Drosophila lines
or the transfection vector constructs used in Figures 2, 3, and 4. The epitope is
effectively absent (5/10 AA match) from both mouse KI models. Rabbit poly-
clonal antibody Ab605 was generated commercially (Rockland) against a
larger peptide (GLKRRWRSWWWKCGAP) that overlaps more significantly
with the predicted sequence in Drosophila (16/17) and in both mouse lines
(13/17).

Human Tissue

All human tissues were obtained and distributed under oversight by appro-
priate institution specific review boards. Detailed methods and descriptions
of the patient derived samples are included in the Supplemental Experimental
Procedures. Briefly, hippocampal, cerebellar, and frontal cortex tissue from
two previously described FXTAS patients (Louis et al., 2006) and age- and
sex-matched controls (University of Michigan Alzheimer’s Disease Brain
Bank) were processed using standard techniques. CGG repeat size was
determined in both controls and FXTAS patients by DNA isolation followed
by PCR using C and F primers.

Statistical Analysis

For graphs of percentages, error bars represent the 95% confidence interval
(Cl). For all other graphs, error bars represent SEM. For statistical analyses
of nonparametric measurements of viability and inclusions, a chi-squared
test was performed. For all other analyses, a one-way ANOVA was performed,
with post hoc Dunnet’s test for multiple comparisons when applicable.
Ribosomal profiling data set analysis is detailed in the Supplemental
Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2013.03.026.
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Fragile X-associated Tremor/Ataxia syndrome (FXTAS),
a late-onset monogenetic neurodegenerative disorder, is
caused by a CGG-repeat expansion (55-200) in the 5’
UTR of the fragile-X mental retardation 1 gene (FMRI)
on the X-chromosome [1]. The prevalence of the FMRI
premutation (PM) is about 1:855 in males and 1:291 in
females [2]. Approximately 45.5% of male and 16.5% of
female PM carriers older than 50 years will develop signs
of FXTAS [3]. In addition to the core features of tremor
and gait ataxia, unexplained medical co-morbidities have
been reported, including thyroid disease, cardiac arrhyth-
mias, hypertension, migraine, impotence, and neuropathy
[4]. PM carriers have increased levels of FMRI mRNA (2
to 8 fold in leucocytes) and normal to slightly reduced
EMR1 protein (FMRP) levels [5]. The current hypothesis
is that FXTAS is caused by an RNA gain-of-function
mechanism. Ubiquitin-positive intranuclear inclusions, are
found in both brain and non-central nervous system
(CNS) organs of patients with FXTAS [6,7]. So far, it is
not clear whether these inclusions are protective or toxic.
Recently, it has been hypothesized that repeat-associated
non-AUG (RAN) translation plays a role in disease
process and inclusion formation. Todd et al. [8] dem-
onstrated that through initiation at a near-ATG codon
located in the 5'UTR of the FMRI gene a polyGlycine-
containing protein, FMRpolyG, is expressed. This protein
accumulates in ubiquitin-positive inclusions in Drosophila,
cell culture, mouse disease models and brain from FXTAS
patients. To investigate the link between FMRpolyG
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expression and the co-morbid medical problems associ-
ated with the PM we have developed two novel mouse
monoclonal antibodies against polyGlycine; 8FM and
9FM (for epitopes and specificity see Additional file 1:
Figure S1), and performed immunostaining in CNS as
well as in non-CNS organs of FXTAS patient J.L. (case
6 in [7]; other cases not available). To establish antibody
specificity, we performed immunostaining with both
antibodies on brain sections from FXTAS patient J.L.,
healthy non-demented controls (n=3) and a patient
with Parkinson disease, Alzheimer disease, or COFTD.
In hippocampus and cerebellum from FXTAS patient
J.L. we identified FMRpolyG-positive inclusions with
both 8FM (1:10) and 9FM (1:10) antibody (Figure la-b,
Additional file 2: Figure S2a-b), as was described previ-
ously [8]. None of the controls showed FMRpolyG-
positive inclusions (data not shown). Next, we studied
the immunolocalization of FMRpolyG protein in heart,
kidney, adrenal gland and thyroid in patient J.L. with
8FM (1:10) and 9FM (1:10), compared to post mortem
non-CNS somatic organ tissues from 3 healthy controls.
We also examined tissues for FMRP (mouse T1A; 1:200)
expression and ubiquitin-positive inclusions (DAKO,
Z0458; 1:200). Consistent with our previous report (7],
ubiquitin-positive intranuclear inclusions were identified
along with a normal distribution of FMRP (data not
shown). Intranuclear FMRpolyG-positive inclusions could
be detected in all organs examined (Figure 1c-h, Additional
file 2: Figure S2c-h). No control tissues showed any
FMRpolyG-positive inclusions (data not shown). Colocali-
zation of ubiquitin- and FMRpolyG-positive inclusions was
visualized and quantified by immunofluorescent double
staining using antibodies against ubiquitin and FMRpolyG
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Figure 1 9FM FMRpolyG-positive intranuclear inclusions in hippocampus, cerebellum and non-CNS tissues of a FXTAS patient.
FMRpolyG-positive (9FM) intranuclear inclusions in a hippocampus, b cerebellum, ¢ glomeruli and d distal tubule of the kidney, e zona glomerulosa

and f zona reticularis of adrenal gland, g cardiomyocytes and h thyroid. All sections were immunostained with 9FM antibody and counterstained with
hematoxylin. Scale bars represent 50 pm.

(8EM) (Figure 2a-f). For hippocampus, cerebellum and the  novel antibodies the present report not only confirms the
non-CNS organs most inclusions are positive for both  existence of FMRpolyG-positive aggregates in CNS tissue
EMRpolyG and ubiquitin, although some rare inclusions from a FXTAS individual but also demonstrates for the first
positive for only one of the proteins could also be detected  time the presence of FMRpolyG-positive intranuclear inclu-
(Figure 2g, n =100 inclusions). In conclusion, using two  sions in post mortem non-CNS material of a PM carrier
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Figure 2 Colocalization of FMRpolyG (8FM) and ubiquitin in intranuclear inclusions in hippocampus, cerebellum and of non-CNS
tissues of a FXTAS patient. Staining for ubiquitin (green), FMRpolyG (8FM; red) and DAPI (blue). Colocalization of ubiquitin and FMRpolyG
(yellow) is seen in a hippocampus, b cerebellum, c kidney, d adrenal gland, e cardiomyocytes, and f thyroid; g quantification of inclusions

containing ubiquitin and/or FMRpolyG (n = 100). Scale bars represent 10 pm.

with FXTAS. Furthermore, colocalization of FMRpolyG
and ubiquitin is found in the vast majority of inclusions.
The presence of FMRpolyG-positive intranuclear inclusions
in heart, kidney, adrenal gland and thyroid is consistent
with the unexplained medical co-morbidities reported
in some patients with FXTAS, including thyroid disease,
cardiac arrhythmias, hypertension, migraine, impotence,
and neuropathy. We hypothesize that the underlying
pathological mechanisms of the medical co-morbidities in
systemic tissues share common features (protein toxic
gain-of-function) with CNS pathology of patients with
EXTAS. Our report suggests that in addition to elevated
levels of FMRI mRNA containing an expanded CGG
repeat, and ubiquitin-positive inclusions, FMRpolyG
expression might also play a role in a toxic gain-of-
function mechanism in medical co-morbidities in
FXTAS (RNA versus FMRpolyG toxic gain-of-function).
Interestingly, a very recent report suggests that RAN
translation products in C9FTD/ALS, toxic dipeptide
repeat proteins (poly-(glycine-arginine) and poly-(pro-
line-arginine)), are toxic in Drosophila [9]. Further
research is needed to understand how FMRpolyG may
elicit toxicity in both CNS and non-CNS organs and its
precise role in co-morbidities in PM carriers. Import-
antly, if FMRpolyG production is important for cellular
toxicity this will open new avenues for therapeutic
intervention studies for FXTAS by developing drugs
that block this aberrant translation.

Additional files

Additional file 1: Figure S1. Epitopes and specificity FMRpolyG
antibodies 8FM and 9FM. a Sequence of the 5'UTR of human FMRT gene
and the FMRpolyG peptide sequence resulting from RAN translation.
Epitopes of 8FM and 9FM antibodies are boxed. b Monoclonal 8FM and
9FM antibodies were validated on COS7 cells transfected with pEGFP
(Clonetech) plasmid containing the 5'UTR of FMRT with 50 CGG repeats,
thus expressing the polyGlycine protein fused to GFP. On Western Blot a
specific product could be detected for both antibodies and no product was
detectable in COS7 cells transfected with a control GFP plasmid. ¢ As an
additional control experiment we performed immunostainings for 8FM
antibody and could demonstrate specific intranuclear inclusions in COS7
cells transfected with a construct expressing the FMRpolyG fused to GFP,
while cells tranfected with only GFP did not show any inclusion formation.
Identical results were obtained with 9FM antibody (data not shown).

Additional file 2: Figure S2. 8FM FMRpolyG-positive intranuclear
inclusions in hippocampus, cerebellum and non-CNS tissues of a FXTAS
patient. FMRpolyG-positive (8FM) intranuclear inclusions in a hippocampus,
b cerebellum, c glomeruli and d distal tubule of the kidney, e zona
glomerulosa and f zona reticularis of adrenal gland, g cardiomyocytes
and h thyroid. All sections were immunostained with 8FM antibody
and counterstained with hematoxylin. Scale bars represent 50 ym.

Abbreviations

ALS: Amyotrophic lateral sclerosis; COFTD: Chromosome 9 open reading
frame 72 frontotemporal dementia; CNS: Central nervous system;

FMRT: Fragile-X mental retardation 1; FMRP: Fragile-X mental retardation 1
protein; FXTAS: Fragile X-associated Tremor/Ataxia syndrome; PM: Fragile-X
mental retardation 1 premutation; RAN: Repeat-associated non-AUG.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RAMB performed immunostainings and imaging, interpreted results, and
drafted the manuscript. CS developed and validated antibodies. LAS
performed immunostainings and imaging, and interpreted results. MOA
developed and validated antibodies. RFMV performed immunostainings and
imaging, and interpreted results. RFB interpreted results, drafted the
manuscript and, obtained funding. NCB developed and validated antibodies,
interpreted results, drafted the manuscript, and obtained funding. RW
interpreted the results, drafted the manuscript, supervised the study, and
obtained funding. RKH interpreted the results, drafted the manuscript,
supervised the study, and obtained funding. RW and RKH contributed
equally to this work. All authors read and approved the final manuscript.

Acknowledgements

The authors wish to acknowledge the contribution of Tom de Vries Lentsch
and Nathan Wubben. This work was supported by the Dutch Brain
Foundation project number 2012(1)101 and French Muscular Dystrophy
Association project number 16649 [to RW], by the National Institutes of
Health grant number NINDS NS079775 [to RFB and RW], by E-Rare project
number 40-42900-98-1001/113301201 from ZonMW [to RKH], by E-Rare
“CURE FXTAS" from ANR [NCB] and ERC "RNA DISEASES” [NCB].

Author details

1Depar‘[mem of Clinical Genetics, Erasmus, MC, PO Box 2040, 3000CA, The
Netherlands. “Department of Neurobiology and Genetics, IGBMC, INSERM
U964, CNRS UMR7104, University of Strasbourg, Illkirch, France. 3Department
of Neurological Surgery, UC Davis, Davis, CA 95618, USA.

Received: 8 October 2014 Accepted: 8 November 2014

References

1. Hagerman RJ, Leehey M, Heinrichs W, Tassone F, Wilson R, Hills J, Grigsby J,
Gage B, Hagerman PJ (2001) Intention tremor, parkinsonism, and generalized
brain atrophy in male carriers of fragile X. Neurology 57(1):127-130

2. Hunter J, Rivero-Arias O, Angelov A, Kim E, Fotheringham |, Leal J (2014)
Epidemiology of fragile X syndrome: a systematic review and meta-analysis.
Am J Med Genet A 164(7):1648-1658

3. Rodriguez-Revenga L, Madrigal |, Pagonabarraga J, Xuncla M, Badenas C,
Kulisevsky J, Gomez B, Mila M (2009) Penetrance of FMR1 premutation
associated pathologies in fragile X syndrome families. Eur J Hum Genet
17(10):1359-1362

4. Willemsen R, Levenga J, Oostra B (2011) CGG repeat in the FMRT gene: size
matters. Clin Genet 80(3):214-225

5. Tassone F, Hagerman RJ, Taylor AK, Gane LW, Godfrey TE, Hagerman PJ
(2000) Elevated levels of FMR1 mRNA in carrier males: a new mechanism of
involvement in the Fragile-X syndrome. Am J Hum Genet 66(1):6-15

6. Greco CM, Hagerman RJ, Tassone F, Chudley AE, Del Bigio MR, Jacquemont
S, Leehey M, Hagerman PJ (2002) Neuronal intranuclear inclusions in a
new cerebellar tremor/ataxia syndrome among fragile X carriers. Brain
125(Pt 8):1760-1771

7. Hunsaker MR, Greco CM, Spath MA, Smits AP, Navarro CS, Tassone F, Kros JM,

Severijnen LA, Berry-Kravis EM, Berman RF, Hagerman PJ, Willemsen R,


http://www.actaneurocomms.org/content/supplementary/s40478-014-0162-2-s1.pdf
http://www.actaneurocomms.org/content/supplementary/s40478-014-0162-2-s2.pdf

Buijsen et al. Acta Neuropathologica Communications 2014, 2:162
http://www.actaneurocommes.org/content/2/1/162

Hagerman RJ, Hukema RK (2011) Widespread non-central nervous system
organ pathology in fragile X premutation carriers with fragile X-associated
tremor/ataxia syndrome and CGG knock-in mice. Acta Neuropathol
122:467-479

8. Todd PK, Oh SY, Krans A, He F, Sellier C, Frazer M, Renoux AJ, Chen KC,
Scaglione KM, Basrur V, Elenitoba-Johnson K, Vonsattel JP, Louis ED, Sutton
MA, Taylor JP, Mills RE, Charlet-Berguerand N, Paulson HL (2013) CGG
repeat-associated translation mediates neurodegeneration in fragile X
tremor ataxia syndrome. Neuron 78(3):440-455

9. Mizielinska S, Gronke S, Niccoli T, Ridler CE, Clayton EL, Devoy A, Moens T,
Norona FE, Woollacott 10, Pietrzyk J, Cleverley K, Nicoll AJ, Pickering-Brown
S, Dols J, Cabecinha M, Hendrich O, Fratta P, Fisher EM, Partridge L, Isaacs
AM (2014) C9orf72 repeat expansions cause neurodegeneration in
Drosophila through arginine-rich proteins. Science 345((6201):1192-1194,
doi:10.1126/science.1256800

doi:10.1186/540478-014-0162-2

Cite this article as: Buijsen et al: FMRpolyG-positive inclusions in CNS and
non-CNS organs of a fragile X premutation carrier with fragile X-associated
tremor/ataxia syndrome. Acta Neuropathologica Communications 2014 2:162.

Page 5 of 5

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




Manuscript

Translation of expanded CGG repeats into FMRpolyG is pathogenic in Fragile X

Tremor Ataxia Syndrome.

Chantal Sellier', Ronald AM. Buijsen’, Fang He*°, Sam Natla®*, Laura Jung', Philippe
Tropell, Angeline Gaucherotl, Hugues Jacobs]’é, Hamid Meziane]’é, Alexandre Vincentl,
Marie-France Champy'®, Tania Sorg"®, Guillaume Pavlovic', Marie Wattenhofer-Donze'®,
Marie-Christine Birling]’6, Mustapha Oulad-Abdelghanil, Pascal Eberlingl, Frank Ruffenachl,
Mathilde Jointl, Mathieu Anheim7, Veronica Martinez-Cerdenog’g, Flora Tassoneg, Rob
Willemsenz, Renate K. Hukemaz, Stéphane ViViHel’lO’”, Cecile Martinatlz, Peter K. Todd3’4,

Nicolas Charlet-Berguerand"”

1. Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC), INSERM U964,
CNRS UMR7104, University of Strasbourg, 67400 Illkirch, France.

2. Department of Clinical Genetics, Erasmus MC, 3015 Rotterdam, The Netherlands.

3. Department of Neurology, University of Michigan, Ann Arbor, 48109 Michigan, USA.

4. Veteran Association Health System, Ann Arbor, 48105 Michigan, USA.

5. Department of Biological and Health Sciences, Texas A&M University-Kingsville, USA.

6. PHENOMIN, Institut Clinique de la Souris (ICS), INSERM U964, CNRS UMR7104,
University of Strasbourg, 67400 Illkirch, France

7. Department of Neurology, University Hospital of Strasbourg, Hopital de Hautepierre,
Strasbourg, France.

8. Department of Pathology and Laboratory Medicine at UC Davis, Institute for Pediatric
Regenerative Medicine, and Shriners Hospitals for Children Northern California.

9. M.LLN.D. Institute, University of California, Davis, Health System, Sacramento, 95817
California, USA.

10. Laboratoire de diagnostic génétique, UF3472 — Infertilité, Nouvel Hopital Civil, 1 place
de ’Hopital, 67091 Strasbourg, France.

11. IPPTS, 3 rue Koeberl¢, 67000 Strasbourg, France.

12. INSERM/UEVE UMR 861, I-STEM, AFM, 91030 Evry, France.

# Correspondence to either Chantal Sellier or Nicolas Charlet-Berguerand (lead contact),
Department of Translational Medicine and neurogenetics, IGBMC, 1 rue Laurent Fries, 67400
Illkirch, France. Phone: +33 388 653 309, Fax: +33 388 653 201, Email: sellier@igbmc.fr or
ncharlet@igbme.fr




ABSTRACT

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a neurodegenerative disorder
caused by a limited expansion of CGG repeats in the S’UTR of FMRI. Two mechanisms are
proposed to cause FXTAS: RNA gain-of-function where CGG RNA sequesters specific
proteins, and translation of CGG repeats into a polyglycine-containing protein, FMRpolyG.
Here, we developed transgenic mice expressing CGG repeats RNA with or without
FMRpolyG. Importantly, expression of FMRpolyG is pathogenic, while the sole expression of
CGG RNA is not. Toxicity of FMRpolyG 1is partly mediated by its carboxy-terminus in
neuronal cultures and in Drosophila models. FMRpolyG interacts with the nuclear lamina
protein, LAP263 and disorganizes the nuclear lamina architecture in neurons differentiated
from FXTAS iPS cells. Finally, expression of LAP2B rescues neuronal death induced by
FMRpolyG. Overall, these results suggest that translation of expanded CGG repeats into
FMRpolyG, which alters nuclear lamina architecture, drives pathogenesis in FXTAS.



INTRODUCTION

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a neurodegenerative disorder
caused by an expansion, called premutation, of 55 to 200 CGG repeats in the 5’untranslated
region of the Fragile X Mental Retardation 1 (FMRI) gene located on the X chromosome
(Hagerman et al., 2001). The carrier prevalence of the CGG premutation is approximately 1
of ~200 females and ~450 males, but due to incomplete penetrance, it is estimated that 1 in
3,000 men older than 50 years will develop FXTAS (Jacquemont et al., 2004; Seltzer et al.,
2012; Tassone et al., 2012). The clinical features of FXTAS include progressive intention
tremor and gait ataxia, frequently accompanied by progressive cognitive decline,
parkinsonism, peripheral neuropathy and autonomic dysfunctions (Jacquemont et al., 2003).
Principal neuropathologies of FXTAS include mild brain atrophy and white matter lesions
with the presence of ubiquitin-positive nuclear neuronal and astrocytic inclusions (Greco et
al., 2002; Greco et al., 2006). In contrast to Fragile X syndrome, where expanded full
mutation alleles (>200 CGG repeats) result in hypermethylation and silencing of the FMRI
gene, FXTAS carriers of premutation expanded alleles (55-200 CGG repeats) present
increased levels of FMRI mRNA but slightly reduced expression of the protein encoded by
FMR1, FMRP (Tassone et al., 2000; Kenneson et al., 2001; Tassone et al., 2007).

Because FXTAS is not observed in Fragile X patients with completely hypermethylated and
consequentely fully silenced FMRI alleles, a pathogenic mechanism based on expression of
mutant FMRI mRNAs containing expanded CGG repeats have been proposed (Hagerman et
al., 2004). In support of this hypothesis, multiple studies have demonstrated adverse
consequences of expressing RNA containing expanded CGG repeats in cell, fly and mouse
models (Willemsen et al., 2003; Jin et al., 2003; Arocena et al., 2005; Hashem et al., 2009;
Entezam et al., 2007; Hukema et al., 2014; Hukema et al., 2015). However, how FMRI
mRNA containing expanded CGG repeats is pathogenic is unclear. A first proposed model is
that FXTAS results from a toxic RNA gain-of-function mechanism, in which mutant RNA
containing expanded CGG repeats would be pathogenic by sequestrating specific RNA
binding proteins, ultimately resulting in neuronal cell dysfunctions (Iwahashi et al., 2006;
Sofola et al., 2007; Jin et al., 2007; Sellier et al., 2010; Sellier et al., 2013). A second and
more recent proposed mechanism is that FXTAS is caused by Repeat-Associated Non-AUG
(RAN) translation of the expanded CGG repeats into polyalanine and polyglycine containing
proteins, named FMRpolyA and FMRpolyG (Todd et al., 2013). Laura Ranum and colleagues



originally demonstrated that expanded CAG repeats can be translated in all three frames in the
absence of any AUG initiation codon (Zu et al., 2011). Subsequently, RAN translation was
described and proposed as a causative mechanism in various inherited microsatellite
neurodegenerative disorders (reviewed in Cleary and Ranum 2014), including FXTAS (Todd
et al., 2013). However, the mechanism and pathological consequences of translating expanded
CGG repeats are not fully understood. Specifically, which pathological mechanism (RNA

gain-of-function or RAN translation) drives FXTAS pathogenesis is a crucial question.

Here we find that translation of expanded CGG repeats occurs predominantly in the glycine
frame through initiation at a near-cognate ACG codon located upstream of the expanded CGG
repeats, resulting in expression of FMRpolyG. Next, to define which mechanism drives
pathogenicity in FXTAS we developed two novel mouse models, one that expresses both
CGG RNA and FMRpolyG and a second one expressing CGG RNA in isolation. Importantly,
transgenic mice expressing both CGG RNA repeats and the polyglycine protein (FMRpolyG
mouse), but not mice expressing only the mutant RNA containing expanded CGG repeats
(CGG RNA mouse) exhibit inclusion formation, motor phenotypes, and reduced lifespan.
Deletion analysis of FMRpolyG revealed that its C-terminal region contributes to cell death in
mammalian neuronal cultures and decreased viability in Drosophila, while the polyglycine
stretch promotes protein aggregation. The C-terminus of FMRpolyG interacts with LAP2B, a
protein essential to anchoring lamin proteins to the inner nuclear membrane. Expression of
FMRpolyG alters LAP2B localization, resulting in disorganization of the nuclear lamina
architecture, a finding that is also observed in 1PS-cell derived neurons from FXTAS patients.
Importantly, over-expression of LAP2f rescues neuronal cell death induced by expression of
FMRpolyG. Overall, these results suggest that translation of expanded CGG repeats into
FMRpolyG, which disrupts nuclear lamina, is a key pathogenic event in FXTAS.



RESULTS

Translation of expanded CGG repeats initiates at an upstream near-cognate codon.

To confirm a previous observation of translation of expanded CGG repeats in absence of a
canonical AUG start codon in Drosophila (Todd et al., 2013), we cloned one hundred CGG
repeats embedded within the natural human 5’UTR of FMRI fused to the GFP deleted of its
ATG and in all three possible frames. These frames were named according to the polypeptide
potentially encoded by the expanded CGG repeats, namely glycine, alanine and arginine. Cell
transfection and immunoblotting against GFP confirm previous data (Todd et al., 2013), and
demonstrates that the 5S’UTR of FMRI with expanded CGG repeats allows translation of a
GFP protein with a ~12 kDa N-terminal extension corresponding to the expanded CGG
repeats translated into the glycine frame (Figure 1A and supplemental figure 1A). In contrast,
we observed little translation in the alanine or arginine frames. Interestingly, we also observed
no translation when the FMRI 5’UTR sequence located upstream to the repeats was deleted
and the expanded CGG repeats were directly fused to the GFP (Figure 1A). Identical results
were observed by imaging GFP fluorescence (supplemental figure 1B). As a further control,
treatment with Lysostaphin, a polyglycine endopeptidase, confirmed that expanded CGG
repeats are translated into a polyglycine-containing protein (supplemental figure 1C). To
confirm the importance of the upstream FMRI 5’UTR sequence for CGG repeats translation,
we performed various deletions and tested expression of FMRpolyG-GFP by immunoblotting.
Consistent with previous reports (Todd et al., 2013; Kearse et al., 2016), deletions of a
sequence located upstream of the CGG repeats reduced expression of FMRpolyG (Figure
1B), suggesting that translation of FMRpolyG may start upstream of the CGG repeats.

To further characterize the initiation site of expanded CGG repeats translation, we
immunoprecipitated FMRpolyG and determined its N-terminal sequence by proteomic
analysis after trypsine digestion. LC-MS/MS spectra revealed initiation to an ACG near-
cognate codon located 32 nucleotides upstream of the CGG expansion (Figure 1C). To
exclude any bias of digestion, we repeated this experiment but with a construct containing a
mutation so that a lysine (sensitive to LysC enzyme) is present just upstream of the expanded
CGG repeats while the remaining sequence, notably the ACG codon is untouched. Proteomic
analysis of FMRpolyG after LysC digestion confirmed that FMRpolyG translation initiates at
the ACG near-cognate codon (supplemental figure 1D). Of interest, proteomic analysis also

revealed that the initial amino acid of FMRpolyG is a methionine suggesting that the ACG



codon is decoded by an initiator Met-tRNA despite imperfect match (Figure 1C and
supplemental figure 1D). This ACG near-cognate codon is embedded in a potential Kozac
consensus sequence with a purine and a guanine in -3 and +4 positions, and is conserved
among multiple species (supplemental figure 1E). Translation initiation at the ACG near-
cognate codon is predicted to result in a small FMRpolyG protein composed of a short 12
amino acids N-terminus, a central glycine stretch which length corresponds to the number of
expanded CGG repeats and a C-terminus of 42 amino acids with no predicted structure or
homology (Figure 1D). Thus, according to the number of CGG repeats, FMRpolyG may
range from 6 kDa in control individuals with 30 CGG repeats to ~15 kDa in carriers of

premutation with 150 CGG repeats.

A minimum of 60 to 70 expanded CGG repeats is required to detect FMRpolyG.

In contrast to RAN translation that initiates within the expanded repeats (Cleary and Ranum
2014), initiation of FMRpolyG occurs at a near-cognate codon located upstream of the
repeats. This result questions whether FMRpolyG is encoded by a classic open reading frame,
and 1if so what are the consequences of CGG expansion for FMRpolyG expression. Upstream
ORFs (uORF) are short open reading frames that are located in the 5S’UTR of mRNAs
upstream to the main ORF. Due to the 5’ to 3’ scanning ribosome process and in absence of
ribosome reinitiation, the translation of a uORF generally impairs translation of the
downstream main ORF. Thus, to avoid complete translation inhibition, uORFs typically start
by an AUG or a near cognate codon (GUG, CUG, UUG, ACG, etc.) embedded in a poor
Kozac consensus sequence that enables leaky ribosomal scanning, hence translation initiation
at the downstream main ORF (review in Sonenberg and Hinnebusch, 2009). To test the
presence of a putative uORF in FMRI, we cloned various lengths of expanded CGG repeats
within the human 5’UTR of FMRI fused in the glycine frame with a small FLAG tag (8
amino acids, ~1 kDa). Immunoblotting revealed that expression of FMRpolyG-FLAG is
detected only with expanded CGG repeats over 60 to 70 CGG repeats (Figure 2A). This size
of expansion is strikingly the threshold over which premutation carriers are at risk of
developing FXTAS (Jacquemont et al., 2006; Apartis et al., 2012; Tassone et al., 2012),
suggesting that FXTAS patients may express FMRpolyG while controls might not. Fusion of
FMRpolyG in the glycine frame to a larger tag, the GFP (25 kDa), confirmed that translation
occurred with expanded CGG repeats of various lengths (70 to 100 repeats) characteristic of
premutation carriers (Figure 2B). However, FMRpolyG-GFP was also translated with short

stretches of CGG repeats (30) found in control individuals, or even without any CGG repeats



(Figure 2B). These results suggest that translation initiation occurs at the ACG near cognate
codon independently of the CGG expansion, supporting that FMRpolyG is encoded by a
classic ORF. Furthermore, detection of FMRpolyG fused to a small tag only with expansion
over 70 CGG repeats or with any repeat lengths when fused to a sufficiently large tag (GFP)
suggest that the size of the CGG expansion is crucial for detection of FMRpolyG but not for
its translation. This is characteristic of short upstream ORFs that are generally translated into
small and most often undetectable peptides, but which are detected when fused with large

tags, resulting in stable and detectable proteins (Aspden et al., 2014).

Next, we noted that FMRpolyG and FMRP ORFs are in different frames with the last 20
amino acids of FMRpolyG naturally overlapping the N-terminal part of FMRP (Figure 1D).
Thus, translation of the FMRpolyG uORF may potentially impair ribosomal re-initiation to
the downstream FMRP ORF. To test that hypothesis, we fused the 5’UTR of FMRI to a
FLAG tag in the glycine frame and also fused the downstream FMRP ORF in frame to a GFP
tag (Figure 2C). This construct expresses the FLAG-tagged FMRpolyG uORF or the
downstream GFP-tagged FMRP main ORF (Figure 2C), suggesting that translation initiation
occurs indeed at the FMRpolyG ACG near-cognate codon or at the FMRP ATG codon.
Deletion of the 5’UTR sequence containing the ACG near-cognate initiation codon abolished
expression of the FLAG-tagged FMRpolyG uORF, but enhanced translation of the
downstream GFP-tagged FMRP ORF in mammalian cells (Figure 2C). In contrast, mutation
of the ACG near-cognate codon into a cognate AUG initiation codon predictably enhanced
translation of the FLAG-tagged FMRpolyG uORF, but abolished expression of the
downstream GFP-tagged FMRP ORF (Figure 2C). Overall, these results suggest that the
5’UTR of human FMRI may contain an upstream ORF encoding FMRpolyG, which overlaps

with the downstream FMRP ORF and reduces its translation.

To confirm that FMRpolyG is encoded by an ORF initiating upstream of the CGG repeats, we
developed monoclonal mouse antibodies directed against the 12 amino acids located upstream
of the glycine repeats and which thus constitute the N-terminal part of FMRpolyG
(supplemental figure 2A). Immunofluorescence revealed presence of FMRpolyG N-terminus
in brain sections of FXTAS patients but not in age-matched control individuals (Figure 2D).
FMRpolyG N-terminus is detected as single nuclear inclusions that co-localize with ubiquitin,
which is consistent with the known histopathological features of FXTAS (Greco et al., 2002).

We confirmed these results by immunoblotting and found that according to the size of the



CGG expansion, the FMRpolyG protein was detected as a 10 to 14 kDa protein in the
insoluble fraction of brain lysate of FXTAS individuals (Figure 2E). Importantly, FMRpolyG
protein was not detected in brain samples of age-matched control individuals (Figure 2E). The
poor quality of the immunoblotting is probably due to the tendency of this glycine-rich
protein to aggregate. To insure that translation successfully passes across the expanded CGG
repeats, we also developed a monoclonal mouse antibody against the amino acids located
downstream of the glycine repeats, thus recognizing the C-terminal part of the FMRpolyG
protein (supplemental figure 2A). Immunofluorescence confirmed presence of FMRpolyG C-
terminus in brain sections of FXTAS patients but not in age-matched control individuals
(supplemental figure 2B), which is fully consistent with previous analyses (Todd et al., 2013;
Buijsen et al., 2014). Finally, translation of expanded CGG repeats into a polyalanine-
containing protein was reported in transfected cell models of FXTAS (Todd et al., 2013;
Kearse et al., 2016). We developed monoclonal antibodies against the C-terminal part of this
protein (supplemental figure 2C). However, we observed no or very little FMRpolyA in
individuals with FXTAS (supplemental figure 2D), suggesting that expanded CGG repeats are
mainly translated in the glycine frame. Overall, these results confirm that expanded CGG
repeats belong to an ORF embedded within the 5’UTR of FMRI, which translation starts
upstream of the CGG repeats and is detected mainly with expansion over 70 CGG repeats
resulting in a small protein ranging from ~10 kDa with 70 CGG repeats to ~15 kDa with 150
CGG repeats.

Translation of expanded CGG repeats into FMRpolyG is pathogenic in mice.

The presence of both CGG RNA aggregates, which can titrate out RNA binding proteins, and
FMRpolyG—positive inclusions in individuals with FXTAS questions which pathogenic
mechanism is driving neuronal degeneration in this disease. To differentiate between these
two hypotheses, we developed two transgenic mouse models. The first one contains the full
human 5’UTR of FMRI with expanded 99 CGG repeats that shall express both CGG RNA
and FMRpolyG protein, while the second mouse model also expresses 99 CGG repeats but
the non-canonical ACG initiation codon and surrounding 5’UTR sequence is deleted, such
that it only expresses the CGG RNA (Figure 3A). Both constructs are driven by the strong
chimeric ubiquitous CAG promoter, and inserted by homologous recombination within the
neutral Rosa26 mouse locus to avoid any bias due to random insertion of the transgenes. We
confirmed by southern blot and PCR the correct insertion of the transgenes into the Rosa26

locus, the absence of concatamerization at the locus and the presence of 99 CGG repeats,



which were stably transmitted with no obvious contraction or expansion, at least in the few
generations (~8) of this study. To control expression of the transgenes, three upstream SV40-
polyadeneylation sites bordered by loxP sites limit transcription of the expanded CGG
repeats. Hence, expression and potential pathogenicity of the expanded CGG repeats is
permitted only in offspring of the transgenic CGG mice crossed with mice expressing Cre

recombinase (Figure 3A).

Deletion of the loxP cassette using a ubiquitously and embryonically expressed Cre
recombinase (Birling et al., 2012) led to high expression of RNA with expanded CGG repeats
throughout the brain, heart and liver, with lower expression in skeletal muscle, kidneys and
other organs (Figure 3B). Importantly, transgene RNA expression was similar between
bigenic CMV-cre mice with the full or mutant FMRI 5’UTR (Figure 3B). However, we found
no or only very rare CGG RNA foci in brain sections of full or mutant FMRI 5’UTR
transgenic mice at any age analyzed (supplemental figures 3A and 3B). This is consistent with
the rare occurrence of CGG RNA aggregates in other transgenic mice model expressing

expanded CGG repeats (Sellier et al., 2010).

Concerning the FMRpolyG protein, immunohistochemistry assays using an antibody directed
against the N-terminus of FMRpolyG demonstrated expression and accumulation of nuclear
aggregates of FMRpolyG in brain sections from the full 5’UTR FMRI transgenic mice, but
not in the mutant 5’UTR mice (Figure 3C). Similar results were obtained with an antibody
targeting the C-terminus of FMRpolyG (supplemental figure 3C). As observed in brain
samples of individuals with FXTAS, aggregates of FMRpolyG co-localized with
ubiquitinated inclusions (Figure 3D). Nuclear aggregates of FMRpolyG accumulated over
time, with the largest burden of inclusions occurring within the hypothalamus, mirroring
transgene mRNA expression (supplemental figures 3C and 3D). Consistent with the
widespread expression of the full 5’UTR FMRI, some rare aggregates of FMRpolyG were
found in other tissues than brain. This is reminiscent of observation of rare FMRpolyG
aggregates in non-CNS tissues in FXTAS patients (Buijsen et al., 2014). In contrast, we did
not observe aggregates of FMRpolyA in the full 5’UTR FMRI transgenic mice or in the
mutant 5’UTR mice (supplemental figure 3E). These results confirm in mouse models that

translation of the CGG repeats starts upstream of the expansion in the glycine frame.

To determine the consequences of FMRpolyG production in vivo in mice, we conducted a



series of behavioral and locomotor assays on both mouse lines. Mice with the full 5’UTR of
FMR1 develop obesity at 6 months of age. Therefore, behavioral tests were performed at 3
months of age when weight is identical between full and mutant FMRI 5’UTR transgenic
mice. Importantly, we observed that only mice with the full 5’UTR sequence of FMRI and
expressing the FMRpolyG protein present locomotor deficiency (supplemental videos 1 and
2), with increased falling from rotarod (Figure 3E), decreased ability of traction from the hind
limbs (Figure 3F), decreased grip strength (Figure 3G) and decreased number of rears in open
field observation (Figure 3H). At six months of age, mice with the full 5’UTR of FMRI loss
mobility and develop obesity, while mice with the mutant 5’UTR that express only the CGG
RNA remain normal (Figures 3I). We did not observe massive neuronal cell death, but we
found some loss of Purkinje cells in mice with the full 5’UTR of FMRI compared to control
or mutant 5’UTR mice (Figure 3J and supplemental figure 3F). Furthermore, Ibal and Gfap
staining were mildly increased in brain sections of the full 5’UTR of FMRI compared to
mutant 5’UTR mice or control non-transgenic animals, suggesting that neuronal alterations
and neuroinflammation were increased in FMRpolyG expressing animals (supplemental
figure 3G). Finally, the survival curve indicates that expression of FMRpolyG is deleterious
since mice expressing the full 5’UTR of FMRI die around 10 months, while mutant FMR1
5’UTR mice exhibit normal longevity and are indistinguishable from control mice (Figure
3K). These results indicate that translation of expanded CGG repeats into FMRpolyG is
pathogenic, while expression of mutant RNA with expanded CGG repeats in isolation is

insufficient to elicit phenotypes in mice over the time course (15 months) of this study.

To assess the tissue origin of these phenotypes, we next analyzed offspring of full 5S>UTR
transgenic mice crossed with Nestin-cre mice, which express the Cre recombinase in
precursors of neurons and glia cells around E10.5 (Isaka et al., 1999)(Figure 4A). Quantitative
RT-PCR revealed high expression of expanded CGG RNA only in mouse brain of the double
transgenic Nestin-cre/full 5’UTR FMRI mice, confirming the specificity of the Nestin
promoter (Figures 4B). Immunohistochemistry using antibodies directed against the N- or the
C-terminal parts of FMRpolyG indicated expression and accumulation of nuclear aggregates
of FMRpolyG in brain sections of these bigenic mice (Figure 4C). Consistent with the brain-
restricted expression of the full S’UTR FMRI transgene, no FMRpolyG aggregates were
found in tissues other than brain. Importantly, locomotor testing at 3 months of age revealed
increased falling from rotarod compared to control non-transgenic mice (Figure 4D).

Histopathological analyzes revealed some Purkinje cell loss (Figure 4E) and sign of

10



neuroinflammation (Figure 4E) in 9 to 10 months old Nestin-cre/full 5’UTR FMRI mice
compare to control animals. Interestingly, these mice expressing FMRpolyG only in the brain
developed obesity (Figure 4G) and present a reduced longevity (Figure 4H) similarly to the
CMV-cre/full 5’UTR FMRI mice, demonstrating that these phenotypes are of neuronal

origin.

The 5°UTR sequence of FMRI impairs formation of expanded CGG repeats RNA foci.

The absence of RNA foci of expanded CGG repeats in both full and mutant 5’UTR FMRI
mouse models is puzzling as it was proposed that FXTAS results from an RNA gain-of-
function mechanism in which the nuclear accumulation of mutant CGG RNA would sequester
various RNA binding proteins. Thus, we tested whether transfection of the 5’UTR FMRI with
expanded CGG repeats construct would form any RNA foci in mouse neuronal cell cultures
(supplemental figure 4A). As positive control, we used a construct expressing expanded CGG
repeats but deleted of any FMRI sequence and that was shown to form RNA foci upon
transfection in cells (Sellier et al., 2010; Sellier et al., 2013) (supplemental figure 4A). RNA
FISH assays indicated that expanded CGG repeats embedded in the 5’UTR of FMRI formed
rare RNA foci compared to the expanded CGG repeats deleted of FMRI sequence
(supplemental figure 4B). Furthermore, RT-PCR performed on nuclear and cytoplasmic
fractions indicated that most of RNAs containing expanded CGG repeats embedded within
the 5’UTR of FMRI were exported from the nucleus to the cytoplasm (supplemental figure
4C). In contrast, expanded CGG repeats RNA without FMRI sequence is mainly retained
within cell nuclei (supplemental figure 4C). These results highlight the nuclear retention bias
induced by using artificial constructs in which microsatellite repeats are separated from their
natural sequence context. Importantly, these data also indicate that CGG expanded repeats
embedded in their natural FMRI sequence are exported into the cytoplasm and thus available

for translation into the FMRpolyG protein.

The C-terminal part of FMRpolyG contributes to its toxicity.

As translation of the CGG expanded repeats appears to drive pathogenicity in FXTAS animal
models, we next investigated by which mechanisms the FMRpolyG protein may elicit
neuronal cell dysfunction. Immunofluorescence of FMRpolyG in primary cultures of
embryonic mouse cortical neurons transfected with 99 CGG repeats embedded within the
natural human 5’UTR of FMRI fused to GFP in the glycine frame indicated that FMRpolyG

first accumulates in the cytoplasm where it forms aggregates that migrated within the cell
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nucleus (Figure 5A). To exclude any bias caused by the GFP tag, we repeated that experiment
with 99 CGG repeats embedded in the 5’UTR of FMRI fused to a FLAG tag in the glycine
frame and observed identical results in primary mouse cortical neurons (supplemental figure
5A), as well as in HEK293 cells (supplemental figure 5B). Furthermore, immunoblotting on
the soluble and insoluble fractions of neuronal cells transfected with 99 CGG repeats
embedded within the natural human 5’UTR of FMRI fused to GFP in the glycine frame
indicated that FMRpolyG progressively accumulates in the insoluble fraction, which is

consistent with its propensity to form aggregate (supplemental figure 5C).

To identify the sequence driving FMRpolyG aggregation, we cloned various deletion mutants
of FMRpolyG expressing either its N-terminus with the glycine repeats or its C-terminus in
isolation. As a control, expression of the full-length FMRpolyG protein in primary cultures of
E18 mouse cortical neurons leads to nuclear aggregates associated with cell death (Figure
5B). Expression of the polyglycine stretch in isolation, deleted of FMRpolyG C-terminus, was
sufficient to elicit aggregation. However, these aggregates were not associated with a
significant increase in neuronal cell death above control non-transfected or GFP-expressing
neurons. In contrast, expression of GFP fused to the 42 amino acids constituting the C-
terminus of FMRpolyG caused neuronal cell death without forming nuclear aggregates
(Figure 5B and supplemental videos 3 to 6). We confirmed these results in a second cell
model. Transfection of neuronal Neuro2A cells demonstrated that expression of the
polyglycine stretch in isolation was not overly toxic, while expression of the C-terminal part
of FMRpolyG induced cell death (supplemental figure 5D). As further control and to exclude
any bias due to the GFP tag, we fused the FMRpolyG constructs to a smaller FLAG tag.
Expression of FMRpolyG-FLAG was toxic as it reduce neuronal cell viability by half, while
expression of the polyglycine stretch deleted from FMRpolyG C-terminus did not induce
major cell death (supplemental figure 5E).

To confirm these results in an animal model and test the toxicity of FMRpolyG on a longer
time period, we developed Drosophila transgenic lines expressing either the full FMRpolyG
protein or the polyglycine stretch in isolation under a UAS promoter. Toxicity was assessed
by two separate assays. First, UAS FMRpolyG-GFP and UAS polyG ACter-GFP flies, both
expressed under an ATG initiator codon, were crossed with an Act5c-Gal4 driver line, which
leads to ubiquitous expression of the transgene during development. Total progeny carrying

either the transgenes or a balancer chromosome were then quantified over 3 independent
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crosses. Importantly, expression of the full FMRpolyG was toxic and reduced progeny
eclosion by half, while the eclosion rate was only slightly reduced in flies expressing the
polyglycine stretch in isolation (Figure 5C). To exclude any potential bias due to random
insertion effects, we generated and analyzed various independent lines expressing either
FMRpolyG or its polyglycine stretch. As control, quantitative RT-PCR showed similar
expression of the FMRpolyG or polyglycine transgenes (supplemental figure SF).
Importantly, all lines expressing FMRpolyG-GFP showed reduced viability compared to GFP
controls. In contrast, the lines expressing the glycine repeats in isolation consistently

presented milder phenotype (supplemental figure 5G).

As a second measure of FMRpolyG toxicity, we crossed these same transgenic fly lines to a
Tubulin-Gal4 Geneswitch driver, which expression is induced upon addition of mifepristone
(RU-486). As control, adult transgenic flies reared off of RU-486 drug exhibited no
differences in viability compared to control flies, indicating that insertion of the FMRpolyG
or polyglycine transgenes had no deleterious effect. In contrast, transgenic flies feed with RU-
486, activating ubiquitous transgene expression, showed a decrease in viability over time for
FMRpolyG expressing flies (Figure 5D). Interestingly, adult Drosophila expressing the
polyglycine stretch alone also presented a mild decrease of their viability (Figure 5D). The
difference of toxicity of the polyglycine stretch between cell culture and Drosophila is
probably due to the longer time of expression in the latter, revealing a mild toxicity
undetected in the short time frame of cell transfection. Overall, these results demonstrate that
expression of FMRpolyG is pathogenic, with its polyglycine stretch driving aggregation and

its C-terminus enhancing toxicity in neuronal cells as well as in animal models.

FMRpolyG interacts with LAP26 and alters the nuclear lamina.

Next, we reasoned that if the C-terminal region of FMRpolyG was contributing to its toxicity,
this might be through interaction with other proteins. To identify FMRpolyG binding proteins,
we performed a tandem tag purification of HA-FLAG tagged FMRpolyG transfected into
Neuro2A cells followed by nano-LC-MS/MS analysis of associated proteins. This approach
identified various FMRpolyG-associated proteins (supplemental table 1), among which the
most prominent was Lap2B (Figure 6A). Lamina associated polypeptide 2 (LAP) alpha and
beta are two isoforms of the LAP2 protein that differ in their C-termini, which originate from
alternative splicing of the TMPO pre-mRNA. LAP2a is diffusely localized in the nucleus,

while LAP2f3 carries a transmembrane domain in its C-terminus that anchors it to the inner
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nuclear membrane (Foisner and Gerace 1993; Furukawa et al., 1995). LAP2B interacts with
lamin Bl and B2 and help to organize these proteins near the nuclear inner membrane.
Consequently, alteration of LAP2B results in disorganization of the nuclear lamina
architecture (Dubinska et al., 2015; Gant et al., 1999). Since alteration of the nuclear lamina
has been observed in FXTAS (Arocena et al., 2005; Iwahashi et al., 2006; Hoem et al., 2011),
we pursued the study of LAP2 further.

Of interest, a HA-FLAG tagged construct containing the polyglycine stretch deleted of
FMRpolyG C-terminal part did not pull down Lap2B (Figure 6A). Co-immunoprecipitation
studies confirmed the association of LAP2B with HA-FLAG tagged FMRpolyG, but not with
the polyglycine stretch in isolation (Figure 6B). To exclude a potential bias of the HA-FLAG
double tag, we repeated that experiment with FMRpolyG fused to the GFP. Co-
immunoprecipitation assays confirmed that interaction with LAP2B required the C-terminus
of FMRpolyG as its polyglycine stretch alone was not co-immunprecipitated by HA-tagged
LAP2B (Figure 6C). Inversely, a construct expressing only the C-terminal part of FMRpolyG
interacted with LAP28 (Figure 6C).

An interaction between LAP263 and FMRpolyG questions whether translation of the expanded
CGG repeats in FXTAS may alter the localization or the function of LAP2B. Expression in
HEK?293 cells of 99 CGG repeats embedded within the 5’UTR of FMRI fused to the GFP in
the glycine frame resulted in formation of nuclear aggregates of LAP2R that co-localized with
FMRpolyG-GFP inclusions (supplemental figure 6A). Identical results were obtained with
CGG repeats tagged in the glycine frame with a small FLAG tag (supplemental figure 6A).
Similarly, expression of FMRpolyG-GFP in primary cultures of cortical neurons from mouse
embryo indicated that FMRpolyG recruits endogenous Lap2B in nuclear aggregates (Figure
6D). Interestingly, a construct containing only the polyglycine stretch of FMRpolyG did not
alter Lap2R localization, suggesting that the C-terminal part of FMRpolyG is important for
interaction and delocalization of LAP2B (Figure 6D). We confirmed these results in brain
sections of mouse models of FXTAS. Immunohistochemistry assays indicated that Lap203
accumulates in nuclear aggregates in brain sections of the full 5’UTR FMRI transgenic mice
(Figure 6E). In contrast, Lap2B was normally localized at the nuclear lamina in non-
transgenic animals or in the mutant 5’UTR FMRI transgenic mice (Figure 6E). As observed
in transfected cells, aggregates of Lap283 co-localized with FMRpolyG inclusions in mouse

brain sections (Figure 6F). We next tried to confirm these results in brain sections of
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individuals with FXTAS. However, LAP23 immunohistochemistry were of poor quality on
human autopsied material. We nevertheless observed some LAP2f3 aggregates in cerebellum
sections as well as in the hippocampal area of FXTAS individuals (Figure 6G and
supplemental figure 6B). These aggregates of LAP2 were absent in the cerebellum from age-
matched control cases (Figure 6G). Furthermore, immunofluorescence assays indicated that
LAP2B co-localized with FMRpolyG inclusions in individuals with FXTAS but not in age-

matched control individuals (Figure 6H).

Alteration of LAP2B results in disorganization of the nuclear lamina (Gant et al., 1999;
Dubinska et al., 2015). Thus, we next investigated the consequences of FMRpolyG expression
on the architecture of the nuclear lamina. Expression of 99 CGG repeats embedded within the
5’UTR of FMRI fused in the glycine frame with either a GFP or a FLAG tag in HEK293 cells
resulted in disorganization of the nuclear lamina as evidenced by alterations of the lamin B1
labeling (supplemental figure 6C). Similarly, expression of FMRpolyG-GFP in primary
cultures of mouse embryonic cortical neurons altered lamin Bl nuclear organization
(supplemental figure 6D). In contrast, expression of the polyglycine stretch in isolation did
not affect nuclear lamina organization (supplemental figure 6D). Furthermore and as reported
previously with lamin A (Iwahashi et al., 2006), the localization of lamin B1 was altered in

brain sections of FXTAS compared to controls (supplemental figure 6E).

LAP28 and nuclear lamina are altered in neuron differentiated from FXTAS iPS cells.

Alterations of the nuclear lamina were observed in autopsied samples that may represent an
end stage of the disease. Thus to overcome this potential bias, we next investigated
organization of the nuclear lamina in neuronal cells expressing endogenous levels of
FMRpolyG. To accomplish this, we developed human induced pluripotent stem (iPS) cells
derived from fibroblasts from two age-matched controls and three different FXTAS patients
with expansion of 84, 90 and 99 CGG repeats. Fibroblasts were successfully reprogrammed
using retroviruses expressing Oct4, Sox2, Nanog and Lin28 (Jung et al., 2014). In addition to
karyotype analyses, which were normal for all cell lines, retroviral silencing as well as
stemness and pluripotency were confirmed by classic RT-qPCR and teratoma assays. Of
interest, expanded CGG repeats were stable with no contraction or expansion in iPS clones
compared to fibroblasts. Since FXTAS affect various brain regions, including the cortex, iPS
cells from control and FXTAS individuals were differentiated into homogenous populations

of telencephalic neurons (Marteyn et al., 2011; Boissart et al., 2013). Number of CGG repeats
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was stable during differentiation, and we observed no gross alterations or delay in neuronal
differentiation of FXTAS iPS cells compared to controls (supplemental figure 7A). As
observed previously (Liu et al., 2012), expression of FMRI mRNA was two to three fold
increased in neurons derived from FXTAS iPS cells compared to controls (supplemental
figure 7B). This is consistent with the increased levels of FMRI mRNA observed in carriers

of a CGG premutation (Tassone et al., 2000; Kenneson et al., 2001; Tassone et al., 2007).

Immunofluorescence using the antibody against the N-terminal part of the FMRpolyG protein
detected accumulation of nuclear aggregates of FMRpolyG in FXTAS neurons, but not in
control neurons (Figure 7A). FMRpolyG aggregates accumulated over time post-
differentiation, with 5 to 10% of neurons exhibiting small FMRpolyG aggregates at 20 days
of differentiation, while 20 to 30% of neurons present FMRpolyG nuclear aggregates after 40
days of differentiation (supplemental figure 7C). In contrast, RNA foci of expanded CGG
repeats were rare or absent in FXTAS neurons at 40 days of differentiation (supplemental
figure 7C). These results confirm observations in transgenic mice and indicate that translation
of expanded CGG repeats into FMRpolyG is readily observed while formation of RNA foci
of expanded CGG repeats is rare in animal and iPS cell models of FXTAS, at least in the time

frame of our study.

Importantly, immunofluorescence analyzes revealed that endogenous LAP28 loss its normal
localization and forms nuclear inclusions that co-localize with FMRpolyG in neuron
differentiated from FXTAS iPS cells (Figure 7A). Furthermore, aggregation of LAP2f3 and
FMRpolyG were associated with disorganization of the nuclear lamina structure as shown by
alteration of the lamin B1 labeling in FXTAS neurons (Figure 7B). In contrast, neurons
differentiated from iPS cells of control individuals exhibited normal LAP2B and lamin Bl
localization (Figures 7A and 7B). These results fully confirm observation in transgenic mice
and brain sections of FXTAS individuals and demonstrate that alteration of the nuclear lamina
in FXTAS is unlikely a bias of autopsied material but a pathogenic consequence of the

translation of expanded CGG repeats into FMRpolyG.

Overexpression of LAP2 rescues neuronal cell death caused by FMRpolyG.
If binding of FMRpolyG to LAP28 is a key pathogenic event in FXTAS, then resupplying
excess LAP2B may suppress FMRpolyG-induced toxicity. To address this question, we co-

expressed LAP28 or a control vector expressing the RFP with FMRpolyG in mouse neuronal
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cultures. LAP2f co-expression was sufficient to rescue the cell death induced by FMRpolyG-
GFP co-expression (Figure SA). Consistent with LAP28 binding to the C-terminal part of the
FMRpolyG protein, expression of LAP2f also rescued cell death caused by expression of the
FMRpolyG C-terminus in isolation (Figure 7C). As controls, expression of LAP2 had no
effect on neuronal survival in control GFP-transfected cells or neurons expressing the
polyglycine fragment in isolation. As further controls, we repeated that experiment with a
construct expressing FLAG-tagged FMRpolyG to exclude any bias from the GFP tag.
Expression of LAP28 rescued cell toxicity caused by FMRpolyG-FLAG (supplemental figure
7D), confirming that the interaction FMRpolyG with LAP28 is an important pathogenic event
in FXTAS. Overall, these data suggest a mechanism by which FMRpolyG can elicit toxicity
(Figure 8), and an explanation for the previously observed nuclear lamina disorganization in

FXTAS (Arocena et al., 2005; Iwahashi et al., 2006; Hoem et al., 2011).

17



DISCUSSION

Previous pioneering studies have demonstrated that FXTAS is caused by expression of mutant
RNAs containing expanded CGG repeats (Willemsen et al., 2003; Jin et al., 2003; Arocena et
al., 2005; Hashem et al., 2009; Entezam et al., 2007; Hukema et al., 2014; Hukema et al.,
2015). However, whether expanded CGG repeats are pathogenic through an RNA gain-of-
function mechanism or through translation into a toxic protein was unclear. Using novel
mouse models expressing or not FMRpolyG, our study now demonstrates a direct role for
FMRpolyG in CGG repeat associated toxicity. In contrast, expression of expanded CGG
repeats as RNA in isolation is not sufficient to induce pathogenicity. This study fully confirms
into a mammalian system previous results obtained in Drosophila (Todd et al, 2013) and
establishes that FMRpolyG synthesis is required for formation of ubiquitin-positive inclusions
in mouse. Moreover, we found that FMRpolyG disrupts nuclear lamina architecture through
binding to the LAP2B protein. In some aspect this is reminiscent to Amyotrophic Lateral
Sclerosis and FrontoTemporal Dementia (ALS-FTD) in which expanded GGGGCC repeats in
the COORF72 gene (Renton et al., 2012; De-Jesus et al., 2012) are RAN translated into
pathogenic di-peptide containing proteins (Ash et al., 2013; Mori et al., 2013; Zu et al., 2013)
that disrupt nucleocytoplasmic transport proteins (Zhang et al., 2015; Freibaum et al., 2016;
Jovici¢ et al., 2015; Zhang et al., 2016).

However, in contrast to the RAN translation of microsatellite repeats that initiates within the
expanded repeats (Cleary and Ranum 2014), our work confirm that expression of FMRpolyG
depends of an initiation to a near-cognate codon located upstream of the CGG repeats (Todd
et al., 2013; Kearse et al., 2016). Moreover, we provide mass-spectrometry data that the N-
terminal amino acid of FMRpolyG is a methionine in mammalian cells. Finally, our data
suggest that expanded CGG repeats belong to a potential small ORF translated upstream to
the main FMRP ORF. We noted that translation of the FMRpolyG uORF reduces the
expression of FMRP, thus expression of FMRpolyG may contribute to the slight decrease of
FMRP expression observed in FXTAS individuals (Tassone et al., 2000; Kenneson et al.,
2001; Tassone et al., 2007). However, other mechanisms may also contribute to this decrease
expression of FMRP in FXTAS, including the increase ribosome stalling observed with
expanded CGG RNA hairpin structure (Feng et al., 1995; Primerano et al., 2002). Ribosome
profiling and bioinformatics analyses reveal that upstream ORF (uORF) are commons in
mammalian mRNAs and can initiate at non-canonical codons (Calvo et al., 2009; Ingolia et

al., 2011; Fritsch et al., 2012; Ji et al., 2015). Mutations in uORF are known to cause human

18



diseases, but mostly if not exclusively, by altering the expression of their downstream ORF
(review in Barbosa et al., 2013). In contrast, we propose here that FXTAS is characterized by
a mutation extending the length of a uORF resulting in expression of a toxic polyglycine-
containing protein, FMRpolyG. This model is reminiscent of expansion of tri-nucleotides
repeats in ORF resulting in expression of pathogenic polyglutamine or polyalanine-containing

proteins.

Interestingly, this translation model may provide some molecular basis to the threshold of
severity and incomplete penetrance observed in FXTAS. Indeed, while the prevalence of
carriers of a premutation, which is defined as an expansion between 55 and 200 CGG repeats,
ranges from 1:130 to 1:256 for females and from 1:250 to 1:813 for males according to ethnic
groups and countries (review in Tassone et al., 2012), it is estimated that only 1 in 3,000 men
older than 50 years will develop FXTAS. This less than expected frequency is explained by
an incomplete penetrance but also by most of FXTAS cases occurring in the range of ~70 to
~150 CGG repeats, with exceptional FXTAS cases below 70 CGG repeats where most (80%)
of premutation alleles are found (Jacquemont et al., 2006; Apartis et al., 2012; Tassone et al.,
2012). Importantly, our experiments demonstrate that expression of small-tagged FMRpolyG
is hardly detectable below 70 CGG repeats. This is consistent with the difficulties to detect
small proteins below 10 kDa, but also with the increase expression of mutant CGG RNA in
carriers of premutation above 70 CGG repeats (Tassone et al., 2000; Kenneson et al., 2001;
Tassone et al., 2007), as well as with the proposed increase stalling of the ribosome to the
CGG hairpin structure, which would promote translation initiation to near-cognate codons
located upstream to the CGG repeats (Todd et al., 2013). Furthermore, previous work
demonstrated that translation is impaired by expansion of CGG above 150 CGG repeats (Feng
et al., 1995; Primerano et al., 2002). Thus, we propose that most of FXTAS cases may be
restricted to a more limited premutation range (70-150) of CGG expansion since expression
of the toxic FMRpolyG protein is reduced below ~70 and above ~150 CGG repeats.
Interestingly, this pathogenic range (70-150) of CGG repeats correlates with presence of
nuclear ubiquitin-positive aggregates in brain sections of a mouse model of FXTAS (Brouwer
et al., 2008), as well as in individuals with FXTAS (Greco et al., 2006). Thus, we propose that
productive translation of CGG repeats into FMRpolyG between 70 and 150 CGG repeats may
explain the lesser incidence of FXTAS cases observed, compared to the relatively high

frequency of CGG premutations that are mostly below 70 repeats.
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Of interest, a pathogenic mechanism where expansion of nucleotide repeats into a uORF
results in expression of a toxic protein may apply to other diseases, such as Fragile X-
associated Primary Ovarian Insufficiency (FXPOI) caused alike FXTAS by expanded CGG
repeats in the FMRI gene (Buijsen et al., 2016). Similarly, it is striking to note that expanded
GGGGCC repeats, which are located upstream to the COORF72 ORF and are the main
genetic cause of ALS-FTD, are in frame with an upstream CTG near-cognate codon in a
correct Kozac sequence (gctCTGg) to encode a Glycine Alanine-polypeptide, which is the
most common dipeptide-repeats protein detected in individuals with ALS-FTD (Mackenzie et
al., 2015). While hypothetical, extending further the FXTAS/ Fragile X model to COORF72
might predict that long expansions of GGGGCC repeats in tissues prone to somatic
expansions would be transcriptionally silent due to epigenetic modification of the promoter,
while shorter expansions in tissues prone to repeats contraction would be transcribed and

translated.

One of the main conclusions of this work is that mice expressing FMRpolyG develop a severe
phenotype with reduced longevity, while mice expressing only the expanded CGG repeats
RNA are indistinguishable from control mice. These results suggest that accumulation of
RNA with expanded CGG repeats or potential RAN translation initiating within these repeats
is not overly pathogenic in mice, at least in the time frame of our study. While informative on
the pathogenicity of FMRpolyG, these mouse models present some limitations. Notably, our
behavioural and locomotor investigations were limited to 3 months aged mice since animals
expressing FMRpolyG in the brain develop obesity and grew immobile around 6 months of
age. Of interest, the obesity developed by the FMRpolyG expressing mice is probably caused
by dysfunction of neurons from the hypothalamus, which regulate rodent feeding behavior, as
this brain area is the one expressing the most and the earliest FMRpolyG. Moreover, we
found alteration of the expression of the leptin receptor by RT-qPCR in the hypothalamic area
of these mice. This is in contrast to individual with FXTAS who do not develop morbid
obesity and in whom little ubiquitin-positive aggregates are observed into the hypothalamus
(Greco et al., 2002). Furthermore, no FMRpolyG-expressing mice survived past 1 year of age,
impairing any chance to observe potential neurodegeneration at later age. While the cause of
death in these mice remains to be carefully investigated, we believe that it is of neuronal
origin as mice expressing FMRpolyG under a Nestin-cre driver present similar motor

impairments, obesity and shortened survival. Thus and as reported previously (Hashem et al.,
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2009), analysis of potential Purkinje cell dropout and ataxia at old age will require specific

expression of FMRpolyG in mouse cerebellum.

Comparison of these novel mice with previous models of FXTAS expressing either mRNA
with 90 CGG repeats and FMRpolyG protein (Willemsen et al., 2003; Hashem et al., 2009;
Hukema et al., 2015) or only mRNA with ~118 CGG repeats (Entezam et al., 2007; Qin et al.,
2011) is difficult as these pioneering mice express either endogenous level of transgene due to
knockin of the expanded CGG repeats within the endogenous Fmrl gene (Willemsen et al.,
2003; Entezam et al., 2007), or express the expanded repeats in more restricted regions of the
brain (Hashem et al., 2009; Hukema et al., 2015) compared to the mouse models developed in
the present study. It is noteworthy that knockin mice with expanded CGG repeats, but that do
not express FMRpolyG due to presence of a stop codon located upstream of the CGG repeats
(Entezam et al., 2007; Todd et al., 2013), present some Purkinje cell dropout at 2 years of age
but with no ataxia or rotarod deficiency, and a mild behaviour phenotype with hyperactivity,
reduced anxiety and some subtle deficits in social interaction (Entezam et al., 2007; Qin et al.,
2011). These behaviour alterations are similar to the one observed in Fmr! knock-out mouse
model, which suggest that they might be caused by the reduced expression of Fmrp observed
in this CGG knockin mouse model (Qin et al., 2011). In contrast, the mild Purkinje cell
dropout could be caused by expression of the mutant RNA containing expanded CGG repeats
(Entezam et al., 2007). These results suggest that expanded CGG repeats are mildly toxic at
the RNA level at old age. However, an important distinction not addressed previously is the
timing of the pathogenic events in FXTAS models. Indeed, we observed that at time where
FMRpolyG readily accumulates in nuclear inclusions, RNA foci of expanded CGG repeats
are rare or undetectable both in mouse models and in neurons from human iPS cells derived
from individuals with FXTAS. These data suggest a hierarchy in the pathogenic events
occurring in FXTAS. Notably, the CGG RNA foci may be characteristic of an end stage of
the disease, while expression of FMRpolyG may potentially represent a relevant biomarker to

follow disease progression, as well as a most promising therapeutic target (Yang et al., 2015).

Finally, we found that toxicity of FMRpolyG is mediated at least in part through sequestration
of the LAP2B protein into nuclear aggregates, leading to disruption of the nuclear lamina
architecture and neuronal cell death. These data provide a molecular mechanism to the
previously reported nuclear lamina disorganization in FXTAS (Arocena et al., 2005; Iwahashi

et al., 2006; Hoem et al., 2011). However, it is likely that the FMRpolyG protein mediates its
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toxic effect through more than one mechanism and/or protein partner. Notably, LAP2f
regulates gene expression through association with various transcription factors as well as to
DNA and with the DNA-binding protein BAF1 (Barrier To Autointegration Factor 1) protein
(Cai et al., 2001; Shumaker et al., 2001; Nili et al., 2001; Somech et al., 2005; Naetar et al.,
2008; Zullo et al., 2012). Thus, it remains to be determined whether FMRpolyG alters the
transcriptional regulatory activity of LAP2. Also, proteomic analysis indicates that
FMRpolyG pulls down various other proteins, including mitochondrial and proteasome
proteins as well as actinin and actin related proteins. Some of these proteins are good
candidates to contribute to the mitochondrial and proteasome alterations that have been
observed in FXTAS (Ross-Inta et al., 2010; Kaplan et al., 2012; Hukema et al., 2014; Oh et
al., 2015). Thus, further investigations are required to test the potential pathological effect of
FMRpolyG on mitochondria, protein degradation mechanisms and cell cytoskeleton in

FXTAS.

In conclusion, it now emerges that the FMRI gene encodes for two different proteins,
FMRpolyG and FMRP, which levels are inversely modulated by the size of the CGG repeats

expansion and which are involved in two different genetic diseases, FXTAS and Fragile X.
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MATERIAL & METHODS:

Human samples.

All brain samples were obtained from the FXTAS brain repository at the UC Davis School of
Medicine with the informed consent of individuals and approved by the Institutional Review
Board of the University of California, Davis. Patients have been described previously (Cases
LR, 58-02-WD and 1007-05-HP from Greco et al., 2006 and Pretto et al., 2014). Fibroblasts
of three FXTAS male individuals with confirmed premutation of 84, 90 and 99 CGG repeats
were obtained with the informed consent of individuals and approved by the Institutional

Review Board of the Hospital La Piti¢ Salpétriere.

Constructs.

PCMV6 containing C-terminally FLAG-tagged human cDNAs of LAP26 was purchased from
OriGene. Plasmids containing the 5S’UTR of human FMRI fused in the glycine frame with the
FLAG tag or GFP are deposited at Addgene (Plasmid #63089, #63090 and #63091). The
FLAG tag is fused to the C-terminal end of FMRpolyG with a two amino acids (glycine
valine) linker, and the GFP tag is fused to the C-terminus of FMRpolyG with one amino acid
(glycine) linker. Mutations of the ACG into ATG or deletions of the 5’UTR of FMRI were
achieved by oligonucleotide ligations. To insure stability of the expanded CGG repeats, all
CGG plasmids were transformed into STBL3 bacterial strain (Invitrogen) and growth at room

temperature (22°c).

Cell cultures, viability assays and transfections.

Neuro2A, HEK293 or HeLa cells were plated in 6 well tissue culture plates in DMEM 1 g/l
glucose with 5% FCS and gentamycin. After 24 hours, cells were transfected with plasmid
DNA using Lipofectamine 2000 (Invitrogen) according to manufacturer instructions. Primary
cortical neurons were prepared from C57Bl/6 mice embryos of day E18 and grown on
polylysine coated 24-well plates in Neurobasal Medium (NBM) supplemented with 1xB27,
0.5 mM L-glutamine and 100 [U/ml penicillin/streptomycin at 37° C with 5% CO2. Neurons
were transfected at day 3 with Lipofectamine 2000 (Invitrogen) in 400 ul NBM. Medium was
replaced after 3h with a 1:1 (v:v) mixture of conditioned and fresh NBM. For cell viability,
cells were detached by scraping and resuspended in PBS. TO-PRO-3 iodide (Fisher scientific,
T-3605) was added at 20 nM to each sample and gently mix just prior to analysis on the
FACS and 30 000 cells were counted.
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Generation and differentiation of iPSC into neurons.

Primary dermal fibroblasts were maintained on gelatin-coated dishes in DMEM 1 g/l glucose
with antibiotic, antimycotic and 0.1 mM non-essential amino acids (Invitrogen) and 10% FBS
for 5 passages. On day 1, 1x10exp5 fibroblasts were transduced by lentivirus carrying cDNAs
of Oct4, Sox2, Nanog and Lin28 with 8 mg/ml of polybrene (Sigma). On day 2, medium was
replaced with fresh medium and on day 3, infected cells were transferred onto a 100-mm dish
containing 1x10exp6 feeder cells (passage 3 mitomycin-C treated mouse embryonic
fibroblasts). From day 6 to 9, fibroblast medium was progressively switched to human
induced pluripotent stem cell medium (KO-DMEM, 20% KOSR, 2 mM L-glutamine, 0.1 mM
non-essential amino acids, Penicillin-Streptomycin, 0.1 mMb-mercaptoethanol supplemented
with 10 ng/ml of bFGF (R&D Systems). Human iPSC clones were picked at week 4 and
expanded on matrigel coated 35 mm dishes (BD Biosciences) in mTeSR1 medium (Stemcell
Technologies). For embryoid body formation, hiPSC were dissociated with dispase solution
(1 mg/ml, Stemcell Technologies), resuspended in 1 ml of Aggrewell medium (Stemcell
Technologies) containing 2 mM Y27632 (Stemgent), centrifuged in Aggrewell plates for 3
min at 80g and further incubated at 37°C for 24 h. The next day, embryoid bodies were
transferred in 3 ml of Aggrewell medium. The following days, medium was progressively
switched to KO-DMEM, 20% FBS, 2 mM L-glutamine, 0.1 mM Non-Essential Amino Acids,
penicillin—streptomycin and after 30 days, embryoid bodies were collected. For karyotype
analysis, hiPSC cells were treated with colchicine (Sigma) for 4 h and cells were shocked
with hypotonic KCl1 0.075 M solution for 20 min at 37°C. Cells were fixed in methanol:acetic
acid solution (3:1) and conventional cytogenetic was performed applying RHG banding on
metaphase chromosomes. Expression of pluripotent surface markers of hIPSC was analyzed
by FACS using anti-Tra-I-60, anti-Tra-I-81 and anti-SSEA4 antibodies (Millipore).
Expression of 90 validated genes associated with stem cell pluripotency and differentiation to
all three germ layers of hiPSC and corresponding embryoid bodies were analyzed using the
Human Stem Cell Pluripotency Array (Applied Biosystems) according to manufacturer
instructions. For in vivo teratoma formation, cells from one Matrigel coated 60 mm-dish were
collected by dispase treatment and resuspended in 75 ml of KO-DMEM, mixed with 75 ml of
Matrigel (BD Biosciences) and the hiPSC-Matrigel mixture was injected subcutaneously in 8-
week-old NOD/SCID female mice (Charles River Laboratory, 2 mices injected for each
hiPSC clone). After two to three months, teratomas were dissected and fixed in formalin,

embedded in paraffin and processed with hematoxylin and eosin staining at the histology
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laboratory of the Institute Clinique de la Souris (ICS). For differentiation of human
pluripotent cells in Neuronal Stem cell (NSC), one B6 dish of IPS (60-80 % confluence) was
washed with NFS medium (N2B27 supplemented with FGF2 5 ng/ml (Peprotech, AF-100-
18B), hNoggin 260 ng/ml (R&D120-10C), SB431542 8,7 ng/ml (Tocris, 1614) containing
ROCK inhibitor 3,5 pg/ml (Y-27632, Calbiochem, 688000) before to cut clumps. Clumps
were collected and incubated overnight at 37°C in B3 UltraLow Attachment Dish (Corning).
The next day, the clumps were transferred to a dish pre-coated with poly-ornithine 0,1%
(Sigma, p4957) and laminine at 1 mg/ml (Sigma, L.2020) and maintained with medium. After
24 hours, the medium was changed to NFS medium without rock inhibitor and medium was
changed every two days during 8-10 days. After the appearance of neural rosette, the medium
was replaced with NSC (N2B27 supplemented with FGF2 10 ng/ml, EGF 10 ng/ml (R&D,
263-EG-200RD), hBDNF 20 ng/ml (R&D, 248-BD-025CF). At confluence, cells were
passaged 1 : 3 in NSC medium. For differentiation of NSC in neurons, confluent cells were
dissociated with trypsin and plated on pre-coated with polyornithine (Sigma) and laminin
(Sigma) in 24-well plate (50000 cells/well) in neuron medium (N2B27 supplemented with
hBDNF 20 ng/ml and laminine 2 pg/ml). Media change was performed every 2 days and cells
were differentiated during 55 days.

Monoclonal antibody production.

To generate monoclonal antibodies directed against FMRpolyG or FMRpolyA, 8 week old
female BALB/c mice were injected intraperitoneally with KLH conjugated peptides
(FMRpolyA  C-ter 5SFM: PRAPAAHLSGAGSRR, FMRpolyG N-ter 8FM:
MEAPLPGGVRQRG or FMRpolyG C-ter 9FM: GGWASSARSPPLGGGLPALA) with
200ug of poly(I/C) as adjuvant. Three injections were performed at 2 weeks intervals and four
days prior to hybridoma fusion, mice with positively reacting sera were re-injected. Spleen
cells were fused with Sp2/0.Agl4 myeloma cells. Supernatants of hybridoma cultures were
tested at day 10 by ELISA for cross-reaction with peptides. Positive supernatants were then
tested by Immunofluorescence and western blot on transfected HeLa cells. Specific cultures
were cloned twice on soft agar. Specific hybridomas were established and ascites fluid was
prepared by injection of 2x106 hybridoma cells into Freund adjuvant-primed BALB/c mice.
All animal experimental procedures were performed according to the French and European

authority guidelines.

Western blotting.
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For the small FMRpolyG-FLAG tagged or endogenous FMRpolyG (<15kDa), 20 to 50 ug of
proteins were resolved by 12% bis-Tris Gel (NuPAGE) and transferred onto PVDF 0,2 um
membrane. The membrane was blocked with 5% non-fat dry milk in TBS-Tween 1% and
incubated with FLAG (rabbit PA1-984B), 8FM or 9FM antibody (1:100) overnight at 4°C.
Membrane was washed 3 times and incubated with secondary peroxidase antibody (1:3000,
Cell Signaling) 1 hour in TBS-Tween 1%, followed by washing and ECL chemoluminescence
revelation (Amersham ECL Prime). Concerning FMRpolyG-GFP tagged (>30kDa) and other
large proteins analyzes, 20 ug of proteins were homogenized in 1x laemmli sample loading
buffer, denatured 3 min at 95°C, separated on 4-12% bis-Tris Gel (NuPAGE), transferred on
nitrocellulose membranes (Whatman Protan), blocked with 5% non-fat dry milk in TBS-
Tween 1% (Tris Buffer Saline buffer), incubated with anti-FMRpolyG (8FM or 9 FM, 1/100),
Lap2b (BD Biosciences 611000), GFP (Abcam ab290), GAPDH (ab125247, Abcam), HA
(ThermoFisher Scientific 26183) in TBS-Tween 1%, washed 3 times and incubated with anti-
rabbit or mouse Peroxidase antibody (1:3000, Cell Signaling) 1 hour in TBS-Tween 1%,
followed by washing and ECL chemoluminescence revelation (Amersham ECL Prime).
Concerning human brain tissue preparation, small pieces of lyophilized frozen brain tissue
were homogenized in 100 pl of Tris-SDS buffer (100 mM Tris pH 9, 5 % SDS 20%, 5 % b-
mercaptoethanol), boiled at 100°C during 5 min then centrifuged at 13 000 rpm for 20 min at
4 °C. The supernatant was removed. The pellet was washed twice with water and
homogenized in 20 pl of formic acid and incubated at 37°C during 30 min. Next, the
homogenate was dried in speed-vac and resuspended in 40 ul Laemmli loading buffer prior to

western blot analysis.

Lysostaphin treatment

3x10exp5 transfected HeLa cells were scrapped in PBS 1X and centrifuged during 10 min at
3000 rpm at 4°C. The pellet was resuspended in 800 pul of RIPA. 16 ul of cell extract was
incubated with 1 pg of lysostaphin (Prospec, ENZ-269) during 10 to 30 minutes at 37°C.

Laemmli buffer was add to the mix and proteins were analyze by western blot.

Mass spectrometry analysis of FMRpolyG interactant and FMRpolyG N-terminus.

5x10exp6 HeLa cell were transfected with 18 pg of HA-FLAG tagged plasmid using Fugen
HD (Promega) for 24h hours. Proteins were purified by HA-FLAG tandem purification kit
according to the manufacturer’s instruction (Sigma-Aldrich), separated on 4-12% bis-Tris Gel

(NuPAGE) and visualized by silver staining (SilverQuest, Invitrogen). Gel bands were
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excised and subjected to manual in-gel reduction in 10 mM DTT in 100 mM NH4HCO3
(Sigma Aldrich) for 1 h at 57°C, alkylated for 45 min in the dark with 55 mM iodoacetamide
in 100 mM NH4HCO3 (Sigma Aldrich), washed in 25 mM NH4HCO3, dehydrated with
acetonitrile and dried in SpeedVac 5301 Concentrator (Eppendorf). Then the gel pieces were
rehydrated with 12.5 ng/uL trypsin or LysC solution (Promega) in 50 mM NH4HCO3 and
incubated overnight at 37°C. The peptides were extracted twice with acetonitrile/water/formic
acid-45/45/10-v/v/v followed by a final extraction with acetonitrile /formic acid (FA)-95/05-
v/v. Extracted peptides were then analyzed using an Ultimate 3000 nano-RSLC (Thermo
Scientific) coupled in line with an Orbitrap ELITE (Thermo Scientific). Peptides were
separated on a C18 nano-column with a linear gradient of acetonitrile and analyzed with in a
Top 20 CID (Collision-induced dissociation) data-dependent mass spectrometry with an
inclusion list. Data were processed by database searching using SequestHT (Thermo Fisher
Scientific) with Proteome Discoverer 1.4 software (Thermo Fisher Scientific) against a
homemade database of all potential three frames translated proteins or peptides from the
5’UTR of FMRI. Precursor and fragment mass tolerance were set at 7 ppm and 0.5 Da
respectively. Oxidation (M) and Nterminal Acetylation were set as variable modification, and
Carbamidomethylation (C) as fixed modification. Peptides were filtered with the Fixed value
node of Proteome Discoverer 1.4. Similarly, for identification of protein interactants,
5x10exp6 Neuro2A cell were transfected with 15 pg of FMRpolyG FLAG-HA double-tagged
plasmid using Fugen HD (Promega) for 24h hours. Proteins were purified by HA-FLAG
tandem purification kit according to the manufacturer’s instruction (Sigma-Aldrich). Proteins
were visualized by silver staining (SilverQuest, Invitrogen) after separation of 4-12% bis-Tris

Gel (NuPAGE) and identified using NanoESI Ion Trap (LTQ XL Thermo Fisher).

Immunofluorescence and immunohistochemistry.

Mouse or human brain sections were deparaffinized two times for 20 min in Histosol Plus
(Shandon) and dehydrated as follows: twice in ethanol 100% (5 min), twice in ethanol 95% (5
min), once in ethanol 80% (5 min), once in ethanol 70% (5 min) and rinsed in PBS. Glass
coverslips containing plated cells or brain sections treated as described above were fixed in
PFA during 10 min and washed three times with PBS. The coverslips or slides were incubated
for 10 min in PBS plus 0.5% Triton X-100 and washed three times with PBS before
incubation during 1 hours with primary antibody against FMRpolyA (5FM, 1/100),
FMRpolyG (8FM or 9FM, 1/50 to 1/100), ubiquitin (DAKO, Z0458), GFP (Abcam ab1218),
Lap2 (Millipore 06-1002; Abcam abl185718; Abcam ab189993), Lamin Bl (Abcam
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ab16048). Slides or coverslips were washed twice with PBS before incubation with a goat
anti-rabbit or goat anti-mouse secondary antibody conjugated with Cyanine 3 (1/500 dilution;
Fisher) for 60 min; incubated for 2 min in PBS 1X-DAPI (1/10 000 dilution) and rinsed twice
with PBS 1X before mounting in Pro-Long media (Molecular Probes). Slides were examined
using a fluorescence microscope (Leica). For immunochemistry, brain sections were
deparaffinized followed by antigen retrieval using microwave treatment in 0.01 m sodium
citrate and treatment with 10 pg/ml protein kinase for 20 min at 37°c. Endogenous peroxidase
activity was blocked, and immunostaining was performed overnight at 4°C using antibody
against Ibal (Abcam ab15690), Gfap (Abcam ab7260), ubiquitin (Dako Z0458; 1:250),
FMRpolyG (8FM or 9FM, 1:10 to 1/50) or Lap2 (Millipore 06-1002; Abcam ab185718;
Abcam ab189993). Antigen—antibody complexes were visualized by incubation with DAB

substrate (Dako) and slides were counterstained with hematoxylin and eosin.

RNA FISH coupled to immunofluorescence.

Mouse brain sections were deparaffinized and rehydrated. Coverslips containing primary
culture of E18 mouse cortical neurons cells or brain sections were fixed in PFA during 10 min
and washed three times with PBS. The coverslips or slides were incubated for 10 min in PBS
plus 0.5% Triton X-100 and washed three times with PBS before pre-hybridization in 40%
DMSO, 40% formamide, 10% BSA (10 mg/ml), 2 x SCC for 30 min. The coverslips or slides
were hybridized for 2 h in 40% formamide, 10% DMSO, 2 x SCC, 2 mM vanadyl
ribonucleoside, 60 pg/ml tRNA, 30 pg/ml BSA plus 0.75 pg (CCG)8x-Cy3 DNA
oligonucleotide probe (Sigma). The coverslips or slides were washed twice in 2 x SCC/50%
formamide and twice in 2 x SCC. The coverslips were incubated for 2 min in 2 x SCC/DAPI
(1/10 000 dilution) and rinsed twice in 2 x SSC before mounting in Pro-Long media
(Molecular Probes). Coverslips were examined using a fluorescence microscope (Leica). For
FISH followed by immunofluorescence, after 2 x SCC wash, the slide were washed twice in
PBS 1X. The slides were incubated 1 hour with primary antibody against FMRpolyGly
antibody (8FM, 1/50). Slides were washed twice with PBS before incubation with a goat anti-
mouse secondary antibody conjugated with cyanine-3 (1/500 dilution; Fisher) for 60 min;
incubated for 2 min in PBS 1X-DAPI (1/10 000 dilution) and rinsed twice in PBS 1X before
mounting in Pro-Long media (Molecular Probes). Slides were examined using a fluorescence

microscope (Leica).

Drosophila models of FMRpolyG
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All Drosophila lines were maintained on standard culture and food conditions at 25°C, while
all crosses and experiments were performed at 29°C. Control and driver lines used in this

111
study are w''’®

(control) from Bloomington, Actin5C-GAL4/CyO driver (ubiquitous driver
line) as a gift from Zhe Han’s lab, and RU486-inducible Geneswitch tubulin driver line Tub5-
GAL4 (ubiquitous expression) as a gift from Scott Pletcher’s lab. DNA fragments containing
FMRpolyG-GFP or polyG-GFP without the C-terminal sequence were PCR amplified from
counterpart of mammalian transfection vectors described elsewhere and inserted to a pUAST
vector between EcoRI and Xbal sites. All constructs were sequence verified by Sanger
sequencing and transgenic flies with these constructs were made via standard p-element
insertion (BestGene, CA). Transgene expression levels of GFP gene were analyzed 3 days
after induction with RU486 in flies from the individual lines crossed to the Tub5-GAL4
driver, and those with comparable RNA expression levels were used for this study. The fly
eclosion assay has been described elsewhere (Todd et al, 2013). Briefly, homozygous UAS
transgenic lines or control lines were crossed to a Actin5C-GAL4 ubiquitous driver line
balanced over a marker chromosome (CyO), on standard food at 29°C, if the transgene
elicited no toxicity, then the number of progeny bearing the GAL4 driver would be expected
to be equivalent to those bearing the CyO marker. Over 100 flies of each genotype were
scored from multiple crosses. The ratio of expected progeny carrying the transgene compared
to those carrying the CyO marker was expressed as a percentage of the expected ratio of one.
These percentages were then compared using a Fischer exact test to determine statistical
significance. For the fly survival assay, The UAS transgenic lines or control lines were
crossed to Tub5-Gal4 geneswitch driver flies on standard food absent of RU486 at 29°C.
Adult offspring of the desired genotypes were collected 2-3 days after eclosion and
transferred to standard fly food containing 200 uM RU486 without yeast granules. The flies
were transferred to fresh food with drug every 2-3 days. Each genotype started with at least 4

vials of 25 flies/vial and the survival was determined daily or every other day for 3 weeks.

Mouse models, genotyping and phenotyping.

All mouse procedures were done according protocols approved by the Committee on Animal
Resources of the ICS animal facility and under the French and European authority guidelines.
For transgene construction, human 5’UTR FMRI1 fused in the glycine frame to the GFP
(Addgene) was cloned between the Fsel and Smal sites of the Rosa26 5° arm — CAG
promoter — LOXP - SV40 polyA 3x - LOXP — Rosa26 3’ arm vector Ai2 (Addgene). Deleted

transgene for the ACG near-cognate codon was constructed by deleting 100 nucleotides from
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Fsel to Kasl sites within the FMRI 5’UTR plasmid. Both mutant mouse lines were

established at the ICS (Mouse Clinical Institute; http://www-mci.u-strasbg.fr). Both linearized

constructs were electroporated separately in C57Bl/I6N mouse embryonic stem (ES) cells.
After G418 selection, targeted clones were identified by long-range PCR using external
primers and further confirmed by Southern blot with an internal probe against Neomycin and
5’ external probe against Rosa26. Two positive ES clones for each future transgenic mice
were injected into Balb/cN blastocysts. Resulting male chimeras were bred with wild type
C57Bl/6N females to obtain germline transmission. Deletion of the floxed STOP cassette
were performed by breeding F1 males with CMV-cre deleter females (Birling et al., 2012) or
Nestin-cre delete mice (Isaka et al., 1999). Genotyping across the expanded CGG repeats was
performed using the Expand High Fidelity PCR System (Roche, 11-732 -650 001) according
manufacturer instructions and supplemented with 2,5 M Betaine (B0300 Sigma, 12,5 ul of 5
M Betaine for a final PCR volume of 25 pl) with one denaturation step at 94 °C for 2 min, 30
cycles of amplification 94 °C for 1 min, 60 °C for 1 min, 72 °C for 2 min and a final step at
72 °C for 5 min using the forward primer 5’-TCGACCTGCAGCCCAAGCTAGATCG and
the reverse primer 5’-TCCTTGAAGAAGATGGTGCGCTCC. Rotarod test (Bioseb,
Chaville, France) was performed with three testing trials during which the rotation speed
accelerated from 4 to 40 rpm in 5 min. Trials were separated by 5-10 min interval. The
average latency was used as index of motor coordination performance. Grip test: this test
measures the maximal muscle strength (g) using an isometric dynamometer connected to a
grid (Bioseb). Mice were allowed to grip the grid with all its paws then they were pulled
backwards until they released it. Each mouse was submitted to 3 consecutive trials
immediately after the modified SHIRPA procedure. The maximal strength developed by the
mouse before releasing the grid was recorded and the average value of the three trials adjusted
to body weight. The string test consisted of 3 trials separated by 5-10 min interval. On each
trial the forepaws of the animal were placed on the thread that is a wire stretched horizontally
40 cm above the bench. The latency the animal took to catch the wire with its hindpaws was
recorded. Open field test: mice were tested in automated open fields (Panlab, Barcelona,
Spain), each virtually divided into central and peripheral regions. The open fields were placed
in a room homogeneously illuminated at 150 Lux. Each mouse was placed in the periphery of
the open field and allowed to explore freely the apparatus for 30 min, with the experimenter
out of the animal’s sight. The distance traveled, the number of rears, and time spent in the
central and peripheral regions were recorded over the test session. The number of entries and

the percent time spent in center area are used as index of emotionality/anxiety
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Quantitative real time RT-PCR.

Total RNAs from mouse tissues or cells were isolated by TriReagent (Molecular Research
Center). cDNAs were generated using the Transcriptor High Fidelity cDNA synthesis kit
(Roche Diagnostics) for quantification of mRNAs. qPCR of mRNAs were realized using the
LightCycler 480 SYBR Green I Master (Roche) in a Lightcycler 480 (Roche) with 15 min at
94°C followed by 50 cycles of 15 sec at 94°C, 20 sec at 58°C and 20 sec at 72°C. RPLPO
mRNA was used as standard and data were analyzed using the Lightcycler 480 analysis

software (2ACt method).

Subcellular fractionation and PCR

Cells were scraped in PBS, cells were pelleted by centrifugation at 3000 rpm for 10
min minutes. The pellet was resuspended in Dautry Buffer (Tris HCI pH 7,8, 10 mM; NaCl
140 mM, MgCI2 1,5 mM; EDTA 10 mM, NP40 0,5%) and kept on ice 5 minutes. The
homogenate was centrifuged at 3000 rpm for 15 minutes during 5 min at 4°C, pellet
corresponding to nuclear fraction and supernatant to cytosolic fraction. Cytosolic fraction was
centrifuged at 13000 rpm for 15 minutes to remove potential nucleus and 1 ml TriReagent
(Molecular Research Center) was added. The pellet was washed with 400 ul of Dautry Buffer,
centrifuged at 3000 rpm for 5 minutes at 4°C. Supernatant was removed and the pellet was
homogenized in 400 pl of Dautry Buffer and 1 ml TriReagent (Molecular Research Center)
was added. Total RNA from nuclear or cytosolic fraction was isolated as described in the
manufacturer's protocol of TriReagent (Molecular Research Center). cDNAs were generated
using the Transcriptor High Fidelity c¢cDNA synthesis kit (Roche Diagnostics) for
quantification of mRNAs. PCR was performed with Taq polymerase (Roche), one
denaturation step at 94 °C for 2 min, 25 cycles of amplification 94 °C for 1 min, 60 °C for 1
min, 72 °C for 2 min and a final step at 72 °C for 5 min using the primer described below.
The PCR products were precipitated, analyzed by electrophoresis on a 6.5% polyacrylamide

gel, stained with ethidium bromide and quantified with a Typhoon scanner.

Oligonucleotides.

RPLO FW  GAAGTCACTGTGCCAGCCCA
RPLO REV GAAGGTGTAATCCGTCTCCA
U6 FW CTCGCTTCGGCAGCACATATA
U6 REV GGAACGCTTCACGAATTTGCG
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FMR1I FW GAAAACAACTGGCAGCCTGA

FMR1 REV AGCTAACCACCAACAGCAAG

GFP_FW ACGTAAACGGCCACAAGTTC

GFP_ REV AAGTCGTGCTGCTTCATGTG

(CGQG)60x_FW GAACCCACTGCTTACTGGCTTA
(CGQG)60x_REV AACGCTAGCCAGTTGGGTC

Transgene mouse FMRpolyG FW GCAAGCTGACCCTGAAGTTC
Transgene mouse FMRpolyG REV GTCTTGTAGTTGCCGTCGTC
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FIGURE LEGENDS:

Figure 1. Translation of CGG repeats initiates at an upstream near-cognate codon.

(A) Immunoblotting against GFP of HeLa cells transfected with expanded CGG repeats
embedded or not in the 5’UTR of FMR1 and fused in all three possible frames with the
GFP deleted of its ATG. (B) Upper panel, schemes of the FMR1 5’'UTR deletion constructs
tested. Middle panel, immunoblotting against GFP of HeLa cells transfected with
mutants of FMRI 5’UTR containing expanded CGG repeats fused to the GFP in the glycine
frame. Lower panel, quantification of FMRpolyG-GFP expression reported to GAPDH.
Error bars indicate s.e.m of 3 independent transfections. Student t-test, *** indicates
p<0.001. (C) LC-MS/MS spectra of the N-terminal part of the immunoprecipitated and
trypsin digested protein translated from expanded CGG embedded in the 5’UTR of FMR1.
(D) Nucleotide sequence of part of the human 5’UTR spliced to exonl of FMR1 with 29
CGG repeats. Amino acid sequence of FMR1 uORF translated into FMRpolyG is indicated
in red with a red arrow highlighting the ACG translation start. Amino acid sequence of

the beginning of the FMRP ORF is indicated in green.

Figure 2. A minimum of 60 expanded CGG repeats is required to detect FMRpolyG.

(A) Upper panel, immunoblotting against the FLAG tag of HeLa cells transfected with
various length of expanded CGG repeats embedded in the 5’UTR of FMR1 and fused in
the glycine frame with the FLAG tag. Middle panel, control immunoblotting against
GAPDH. Lower panel, quantification of FMRpolyG-FLAG levels reported to GAPDH. (B)
Upper panel, immunoblotting against GFP of HeLa cells transfected with various length
of expanded CGG repeats embedded in the 5’UTR of FMRI and fused in the glycine frame
with GFP. Middle panel, control immunoblotting against GAPDH. Lower panel,
quantification of FMRpolyG-GFP levels reported to GAPDH. (C) Left panel, schemes of
the 5’'UTR of FMR1 constructs with ACG mutations. FMRpolyG uORF is FLAG-tagged in
the glycine frame, while FMRP ORF is GFP-tagged. Right upper and medium panels,
immunoblotting against FLAG, GFP and GAPDH of HeLa cells transfected with mutants of
the 5’UTR of FMR1 containing expanded CGG repeats fused to the FLAG tag in the glycine
frame, while the downstream FMRP ORF is fused to the GFP. Right lower panel],
quantification of FMRpolyG-FLAG and FMRP-GFP levels reported to GAPDH. (D)
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Immunofluorescence against the N-terminal part of FMRpolyG (red, 8FM antibody) and
ubiquitin (green) on brain sections (hippocampal area) of FXTAS or control individuals.
Scale bars, 10 um. Nuclei were counterstained with DAPI. (E) Immunoblotting against
FMRpolyG N-terminus (8FM antibody) of insoluble fraction of brain lysate of FXTAS and
age-matched individuals. Number of expanded CGG in FMRI are indicated as # CGG.
Error bars indicate s.e.m of 3 independent transfections. Student t-test, * indicates

p<0.05, *** indicates p<0.001.

Figure 3. Expression of FMRpolyG is pathogenic to mice.

(A) Schemes of the mouse transgene constructs. The human full-length or deleted 5’UTR
of FMR1 are represented as red boxes, GFP ORF as green boxes, 10xP sites as blue boxes,
while promoters, polyadenylation sequences and start and stop of translation are
indicated by arrow or black lines. (B) Quantitative RT-PCR analysis of transgenes
expression relative to the RplpO mRNA in different brain areas and tissues of 6 months
old control (n=3) or bigenic CMV-cre/full-length (n=3) or mutant (n=3) FMR1 5'UTR
transgenic mice. (C) Immunohistochemistry against FMRpolyG N-terminus (8FM) of
cerebellum and hippocampus areas of 6 months old bigenic CMV-cre/full-length or
mutant FMR1 5’'UTR transgenic mice. Scale bars, 10 pum. Sections were counterstained
with Nissl staining. (D) Immunofluorescence against FMRpolyG N-terminus (green, 8FM
antibody) and ubiquitin (red) on cerebellum areas of 6 months old bigenic CMV-cre/full-
length or mutant FMR1 5'UTR transgenic mice. Scale bars, 10 pm. Nuclei were
counterstained with DAPI. (E) Rotarod test. Time before falling from a rotating rod of 3
months old control (n=8) or bigenic CMV-cre/full-length (n=9) or mutant (n=9) FMR1
5’UTR transgenic male mice. (F) String test. Time to gain hindlimb traction for forelimb-
hanging 3 months old control (n=8) or bigenic CMV-cre/full-length (n=9) or mutant
(n=9) FMR1 5’UTR transgenic male mice. (G) Grip test. Maximal force relative to mouse
body weight exerted to releases 3 months old control (n=8) or bigenic CMV-cre/full-
length (n=9) or mutant (n=9) FMR1 5’'UTR transgenic male mice holding a grid with
their forepaws. (H) Open field. Numbers of rears during 5 minutes observation in open
field of 3 months old control (n=8) or bigenic CMV-cre/full-length (n=9) or mutant (n=9)
FMR1 5’UTR transgenic male mice. (I) Body weight of 2, 4 and 6 months old control
(n=6) or bigenic CMV-cre/full-length (n=6) or mutant (n=6) FMR1 5’UTR transgenic

male mice. (J) Left panel, immunofluorescence labeling of calbindin (red) of cerebellum
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sections of 9 months old bigenic CMV-cre/full-length or mutant FMR1 5’UTR transgenic
mice. Scale bars, 10 pm. Nuclei were counterstained with DAPI. Right panel],
quantification of Purkinje cells (n=100) in cerebellum sections of 9 months old bigenic
CMV-cre/full-length (n=3) or mutant FMR1 5’'UTR (n=3) transgenic mice. (K) Kaplan-
Meier survival curve of control (n=15), bigenic CMV-cre/full-length (n=15) or mutant
(n=15) FMR1 5’UTR male and female transgenic mice. Error bars indicate s.e.m. Student

t-test, * indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001.

Figure 4. Neuronal expression of FMRpolyG is pathogenic in mice.

(A) Schemes of the mouse transgene constructs. The human full-length 5’UTR of FMR1 is
represented as a red box, GFP ORF as a green box, loxP sites as blue boxes, while
promoters, polyadenylation sequences and start and stop of translation are indicated by
arrow or black lines. (B) Quantitative RT-PCR analysis of transgenes expression relative
to the RplpO mRNA in different tissues of 6 months old control (n=3) or bigenic CMV-
cre/full-length FMR1 5’UTR (n=3) or bigenic Nestin-cre full-length FMR1 5’UTR (n=3)
mice. (C) Immunohistochemistry against FMRpolyG N- or C-terminal part (8FM or 9FM
antibody) in the cerebellum, hippocampus and hypothalamus of 6 months old bigenic
Nestin-cre/full-length FMRI 5'UTR mice. Scale bars, 10 pm. Sections were
counterstained with H&E staining. (D) Rotarod test, time before falling of 3 months old
control (n=6) or bigenic Nestin-cre/full-length FMR1 5’'UTR (n=6) male mice. (E) Left
panel, immunohistochemistry against calbindin of cerebellum sections of 10 months old
control or bigenic Nestin-cre/full-length FMR1 5’'UTR mice. Scale bars, 10 pm. Sections
were counterstained with H&E staining. Right panel, quantification of Purkinje cells
(n=50) in cerebellum sections of 10 months old control (n=3) or bigenic Nestin-cre/full-
length FMR1 5’'UTR (n=3) mice. (F) Immunohistochemistry against Gfap of hippocampal
sections of 10 months old control or bigenic Nestin-cre/full-length FMR1 5’'UTR mice.
Scale bars, 50 pum. Sections were counterstained with H&E staining. (G) Representative
image of 8 months old control or bigenic Nestin-cre/full-length FMR1 5’UTR mice. (H)
Kaplan-Meier survival curves of control (n=10) or bigenic Nestin-cre/full-length FMR1
5'UTR (n=10) male and female mice. Error bars indicate s.e.m. Student t-test, * indicates

p<0.05, ** indicates p<0.01.

Figure 5. The C-terminal part of FMRpolyG contributes to its toxicity.
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(A) Immunofluorescence against FMRpolyG N-terminal part (8FM antibody, green) and
nuclear lamina (Lmnb1, red) in primary cultures of E18 mouse cortical neurons
transfected for the indicated time period with expanded CGG repeats embedded within
the 5’UTR of FMR1 and fused to the GFP in the glycine frame. Scale bars, 10 pm. Nuclei
were counterstained with DAPIL. (B) Left panel, representative images of primary
cultures of E18 mouse cortical neurons transfected with GFP or FMRpolyG-GFP full-
length or mutants. Scale bars, 10 um. Nuclei were counterstained with DAPI. Right panel,
schemes of the mutant constructs of FMRpolyG-GFP. The N-ter construct corresponds to
the N-terminal part of FMRpolyG including its polyglycine repeats fused to the GFP. The
C-ter construct corresponds to the last 42 amino acids of FMRpolyG fused to the GFP.
Lower panel, quantification of neuronal cell viability of GFP-positive (n=100 cells, 3
independent transfections) transfected E18 mouse cortical neurons. (C) Progeny
eclosion ratio (n=100, 3 independent crosses) of Drosophila expressing FMRpolyG full-
length or deleted of its C-terminus compared to control driver line (Actin5C-Gal4/+). (D)
Kaplan-Meier survival curve of Drosophila expressing FMRpolyG full-length or deleted of
its C-terminus compared to control driver line (Tub5-Gal4/+). Error bars indicate s.e.m.

Student t-test, * indicates p< 0.05, *** indicates p< 0.001.

Figure 6. FMRpolyG interacts with LAP2} and alters its nuclear localization.

(A) Silver staining of proteins captured through consecutive anti-FLAG and anti-HA
affinity purification steps from NZ2A neuronal cells transfected with FLAG-HA-tagged
FMRpolyG full-length or deleted of its C-terminus. (B) Immunoblotting against
endogenous Lap2f3 protein of tandem-tag purified proteins from N2A cells expressing
FLAG-HA-tagged FMRpolyG full-length or deleted of its C-terminus. (C) Immunoblotting
against the HA or GFP tags of HA-tagged immunoprecipitated proteins from N2A cells
transfected with HA-LAP2{3 and FMRpolyG-GFP full-length or deleted of its N- or C-
terminus. (D) Left panel, GFP fluorescence and immunofluorescence against endogenous
Lap2f3 (red) in primary cultures of E18 mouse cortical neurons transfected with
FMRpolyG-GFP full-length or deleted of its C-terminus. Nuclei were counterstained with
DAPI. Right panel, quantification of co-localization of Lap2fd with FMRpolyG-GFP in
transfected E18 mouse cortical neurons (n=100 neurons, 3 independent transfections).
(E) Immunohistochemistry against Lap2{3 of cerebellum, hippocampal and hypothalamic

areas of 9 months old bigenic CMV-cre/full-length or mutant FMRI 5’'UTR transgenic
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mice. Sections were counterstained with H&E staining. (F) Left panel,
immunofluorescence against FMRpolyG N-terminus (green, 8FM antibody) and Lap2f3
(red) on hippocampal areas of 9 months old bigenic CMV-cre/full-length or mutant
FMR1 5’UTR transgenic mice. Nuclei were counterstained with DAPI. Right panel,
quantification of co-localization of Lap2f3 with FMRpolyG in bigenic CMV-cre/full-length
or mutant FMR1 5'UTR transgenic mice (n=50 neurons, 3 mice). (G)
Immunohistochemistry against LAP2{3 of cerebellum areas of FXTAS individual or age-
matched control. Sections were counterstained with H&E staining. (H)
Immunofluorescence against the N-terminal part of FMRpolyG (green, 8FM antibody)
and LAP2f3 (red) on brain sections (hippocampal area) of FXTAS patients or age-
matched controls. Nuclei were counterstained with DAPI. Scale bars, 10 um. Error bars

indicate s.e.m. Student t-test, *** indicates p< 0.001.

Figure 7. LAP26 rescues neuronal cell death induced by FMRpolyG.

(A) Upper panel, immunofluorescence against the N-terminal part of FMRpolyG (green,
8FM antibody) and LAP2f3 (red) on neuronal cultures differentiated 40 days from iPS
cells of FXTAs patients or control individuals. Lower panel, quantification of LAP2f3 co-
localization with FMRpolyG in neurons from iPSC of FXTAS and control individuals
(n=100 neurons, 3 independent cultures). (B) Upper panel, immunofluorescence against
the N-terminal part of FMRpolyG (green, 8FM antibody) and the lamin B1 (LMNB1, red)
on neuronal cultures differentiated 40 days from iPS cells of FXTAs patients or control
individuals. Lower panel, quantification of lamin B1 alteration in FMRpolyG positive
cells in neurons from iPSC of FXTAS and control individuals (n=100 neurons, 3
independent cultures). (C) Cell viability of neuronal N2A cells transfected (n=3
transfections) with FMRpolyG-GFP full-length or deleted of its N- or C-terminus and
with a plasmid expressing RFP as control or Ha-tagged LAP2{3. Error bars indicate s.e.m.

Student t-test, *** indicates p<0.001.

Figure 8. Tentative model of pathogenicity in FXTAS.
Expanded CGG repeats are translated into a polyglycine containing protein, FMRpolyG,
through initiation to a non-canonical ACG codon located upstream to the CGG repeats. In

FXTAS, higher expression of FMRI mRNA as well as increased translation and stability of
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the expanded CGG repeats result in accumulation of FMRpolyG in nuclear aggregates

that sequester the LAP2{3 protein and alter the nuclear lamina architecture.
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LEGENDS OF THE SUPPLEMENTARY FIGURES:

Supplemental table 1. Proteins interacting with FMRpolyG.

Proteins associated with HA-FLAG-tagged FMRpolyG expressed in mouse N2A neuronal
cells were captured through consecutive anti-FLAG and anti-HA affinity purification

steps and identified by orbitrap ion trap mass analyzer.

Supplemental videos 1 and 2 (related to figure 3).
Video recording of ledge test of 3 months old bigenic CMV-cre/full-length or mutant
FMR1 5’UTR transgenic mice indicates that FMRpolyG-expressing mice present some

gait instability and increase foot slippage compared to CGG RNA only-expressing mice.

Supplemental videos 3 to 6 (related to figure 5).

24 hours recording of primary cultures of E18 mouse cortical neurons transfected with
RFP and with control GFP or FMRpolyG-GFP full-length or deleted of its N- or C-
terminus. Expression of either FMRpolyG-GFP or its C-terminus fused to the GFP leads to
neuronal cell death. In contrast, expression of the polyglycine stretch deleted of

FMRpolyG C-terminal part leads to aggregates formation with no overt cell toxicity.

Supplemental figure 1. Translation of CGG repeats requires a near-cognate codon.

(A) Partial sequence of the 5’UTR FMR1 CGG99x GFP (glycine frame) plasmid (Addgene
#63091). CMV promoter and sv40 polyadenylation sequences are indicated in black
uppercase at the start and the end of the sequence, respectively. The plasmid multiple
cloning site sequence is in black lowercase with Fsel and Xbal cloning site underlined.
The 5’'UTR sequence of human FMR1 is in bold black uppercase with expanded CGG
repeats in red. The ACG near cognate codon is also indicated in red. The stop codon of
FMRpolyG and the ATG codon of GFP were deleted and replaced by a glycine codon
(gga). The GFP sequence is in green uppercase. (B) GFP fluorescence of HeLa cells
transfected with expanded CGG repeats embedded or not in the 5’UTR of FMR1 and
fused in all three possible frames with the GFP deleted of its ATG. (C) Immunoblotting
against the GFP of HeLa cell lysate transfected with expanded CGG repeats embedded
within the 5’UTR of FMR1 and fused to the GFP in the glycine frame and treated with
increasing quantity of lysostaphin, a glycine endopeptidase. (D) Upper panel, sequence

of the mutant FMR1 5’UTR including a LysC restriction site. Lower panel, LC-MS/MS
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spectra of the N-terminal part of the immunoprecipitated and LysC digested protein
translated from expanded CGG embedded in the LysC mutant 5’UTR of FMRI. (E)
Sequence alignment of the 5’UTR of FMR1 from human, chimpanzee, macaque, gibbon,
galago, wild boar, dog, rat and mouse with Kozac consensus sequence. ACG translation
start of FMRpolyG is indicated in red, the conserved nucleotides in the Kozac sequence

are indicated in bold black.

Supplemental figure 2. Generation of antibodies specific to FMRpolyG.

(A) Upper panel, amino acid sequence of FMRpolyG. The N- and C-terminal peptide
sequences used to generate 8FM and 9FM mouse monoclonal antibodies are underlined.
Lower panel, immunoblotting validation of 8FM and 9FM antibodies directed
respectively against the N- and C-terminal parts of FMRpolyG on lysate of HeLa cells
transfected with expanded CGG repeats embedded in the 5’UTR of FMR1 and fused to
the GFP in the glycine frame. (B) Immunofluorescence against the C-terminal part of
FMRpolyG (red, 9FM antibody) and ubiquitin (green) on brain sections (hippocampal
area) of FXTAS patients compared to a age-matched control individual. (C) Upper panel,
putative amino acid sequence of the C-terminal part of FMRpolyA. The peptide sequence
used to generate the 5FM mouse monoclonal antibody is underlined. Lower panel,
immunoblotting validation of the 5FM antibody on lysate of HeLa cells transfected with
a construct expressing the GFP fused to the putative C-terminal part of FMRpolyA. (D)
Immunofluorescence against the C-terminal part of FMRpolyA (red, 5FM antibody) and
ubiquitin (green) on brain sections (hippocampal area) of FXTAS patients. Scale bars, 10

um. Nuclei were counterstained with DAPI.

Supplemental figure 3. Expression of FMRpolyG is pathogenic in mice.

(A) RNA FISH against CGG RNA foci (red) coupled to immunofluorescence against
FMRpolyG N-terminal part (8FM antibody, green) in brain of 6 months old bigenic CMV-
cre/full-length or mutant FMR1 5’UTR transgenic mice. Nuclei were counterstained with
DAPI. (B) Quantification of FMRpolyG protein aggregates and CGG RNA foci in 3 or 9
months old control (n=3), bigenic CMV-cre/full-length (n=3) or mutant (n=3) FMRI
5’UTR transgenic mice (n=100 cells). (C) Immunohistochemistry against FMRpolyG C-
terminal part (9FM) of cerebellum, hippocampal and hypothalamic areas of 3, 6 or 9
months old bigenic CMV-cre/full-length or mutant FMR1 5’'UTR transgenic mice.
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Sections were counterstained with Nissl staining. (D) Quantification of FMRpolyG
protein aggregates in control (n=3), bigenic CMV-cre/full-length (n=3) or mutant (n=3)
FMR1 5’UTR transgenic mice. (E) Immunofluorescence against ubiquitin (red) and the C-
terminal part of FMRpolyA (5FM, green) on hippocampal areas of 6 months old bigenic
CMV-cre/full-length or mutant FMR1 5’UTR transgenic mice. Nuclei were counterstained
with DAPI. (F) Hematoxylin and eosin staining of cerebellum of 9 months old bigenic
CMV-cre/full-length or mutant FMRI 5’UTR transgenic mice. Arrowheads indicate
Purkinje cells. (G) Immunohistochemistry against Ibal and Gfap of the hippocampal
areas of 9 months old bigenic CMV-cre/full-length or mutant FMRI 5’'UTR transgenic
mice. Sections were counterstained with H&E staining. Scale bars, 10 pum. Error bars
indicate s.e.m. Student t-test, * indicates p<0.05, ** indicates p<0.01, *** indicates

p<0.001.

Supplemental figure 4. The S’UTR sequence of FMR1 impairs formation of RNA foci.

(A) Schematic description of the expanded CGG repeats constructs embedded in the
human 5’UTR sequence of FMRI1 or cloned without any FMR1 sequence. The 99 CGG
repeats embedded in their natural 5’UTR sequence is deposited at Addgene, #63089.
The construct with 60 CGG repeats inserted into the multiple cloning site of pcDNA3.1 is
described in Sellier et al, 2010. (B) Upper panel, RNA FISH against CGG RNA foci in cells
transfected for 24 hours with expanded CGG repeats embedded or not in the 5’UTR of
FMR1 (untagged). Scale bars, 10 pm. Nuclei were counterstained with DAPI. Lower
panel, quantification of cells (n=50) with CGG RNA foci (n=3 transfection). Error bars
indicate s.e.m. Student t-test, *** indicates p<0.001. (C) RT-PCR analysis of nuclear and
cytoplasmic fractions of neuronal cells transfected for 24 hours with expanded CGG
repeats embedded or not in the 5’UTR of FMR1 (untagged). Correct nuclear and
cytoplasmic fractionation was controlled by RT-PCR for nuclear U6 snRNA and for

cytoplasmic RPLPO mRNA.

Supplemental figure 5. The C-terminal part of FMRpolyG contributes to its toxicity.

(A) Immunofluorescence against the FLAG tag (green) and lamin B1 (Lmnb1, red) in
primary cultures of E18 mouse cortical neurons transfected for the indicated time
period with expanded CGG repeats embedded within the 5’UTR of FMRI and fused to a
FLAG tag in the glycine frame. Scale bars, 10 um. Nuclei were counterstained with DAPI.
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(B) Immunofluorescence against the FLAG tag (green) and lamin B1 (Lmnbl, red) in
HEK293 cells transfected for the indicated time period with expanded CGG repeats
embedded within the 5’UTR of FMR1 and fused to a FLAG tag in the glycine frame. Scale
bars, 10 pm. Nuclei were counterstained with DAPI. (C) Immunoblotting against the GFP
of the soluble and insoluble fractions of neuronal cells transfected with expanded CGG
repeats embedded within the 5’UTR of FMRI and fused to the GFP in the glycine frame.
(D) Cell viability of N2A mouse neuronal cultures transfected with FMRpolyG-GFP full-
length or deleted of its N- or C-terminal part (5 independent transfections). (E) Cell
viability of N2ZA mouse neuronal cultures transfected with FMRpolyG-FLAG full-length
or deleted of its C-terminal part (3 independent transfections). (F) Transgene mRNA
expression in independent Drosophila lines expressing either FMRpolyG-GFP full-length
or deleted of its C-terminus. RNA levels are significantly different from one line to
another by student t-test. However, this is independent of the construct as there is no
significant difference of transgene expression between FMRpolyG-GFP and polyG ACter-
GFP lines by ANOVA. FMRpolyG-GFP line #2 and polyG ACter-GFP line #2 correspond to
the Drosophila lines analyzed in figure 5C and present similar transgene expression. (G)
Progeny eclosion ratio (n=100, 3 independent crosses) of independent Drosophila lines
expressing FMRpolyG full-length or deleted of its C-terminus compared to control driver
line (Actin5C-Gal4/+). Fly lines expressing FMRpolyG-GFP present a decrease eclosion
rate compared to Drosophila lines expressing polyG ACter-GFP (one way ANOVA,
P<0.01). Error bars indicate s.e.m. Student t-test, * indicates p<0.05, ** indicates p<0.01,
*#* indicates p<0.001.

Supplementary figure 6. FMRpolyG alters LAP2 and lamin B1 nuclear organization.

(A) Left panel, GFP fluorescence and immunofluorescence against the FLAG tag (green)
and LAP2{3 (red) in HEK293 cells transfected for 24 hours with GFP as control or with
expanded CGG repeats embedded within the 5’UTR of FMR1 and fused either to the GFP
or to a FLAG tag in the glycine frame. Right panel, quantification of LAP2 co-localization
with FMRpolyG (n=50 cells, 3 independent transfections). (B) Immunohistochemistry
against LAP2f3 of hippocampal areas of FXTAS individual or age-matched control.
Sections were counterstained with H&E staining. (A) Left panel, GFP fluorescence and
immunofluorescence against the FLAG tag (green) and lamin B1 (LMNBI1, red) in
HEK293 cells transfected for 24 hours with GFP as control or with expanded CGG
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repeats embedded within the 5’UTR of FMRI and fused either to the GFP or to a FLAG
tag in the glycine frame. Right panel, quantification of lamin B1 alterations in FMRpolyG
positive cells (n=50 cells, 3 independent transfections). (D) Left panel, GFP fluorescence
and immunofluorescence against lamin B1 (LmnB1, red) in primary cultures of E18
mouse cortical neurons transfected with FMRpolyG-GFP full-length or deleted of its C-
terminus. Right panel, quantification of lamin B1 alteration in GFP-positive transfected
neurons (n=100 neurons, 3 independent transfections). (E) Immunofluorescence
against the N-terminal part of FMRpolyG (green, 8FM antibody) and lamin B1 (LMNB1,
red) on brain sections (hippocampal area) of FXTAS patients or age-matched control
individual. Scale bars, 10 pm. Nuclei were counterstained with DAPI. Error bars indicate

s.e.m. Student t-test, ** indicates p<0.01, *** indicates p<0.001.

Supplementary figure 7. Generation of an iPS cell model of FXAS.

(A) Immunofluorescence against MAP2 on neuronal cultures differentiated 40 days from
iPS cells of FXTAS or control individuals. (B) FMR1 mRNA expression relative to RPLPO
in neuronal cultures (n=3 independent cultures) differentiated 40 days from iPS cells of
FXTAS or control individuals. (C) Left panel, RNA FISH against expanded CGG repeats
(red) coupled to immunofluorescence against FMRpolyG N-terminus (8FM antibody,
green) in neurons differentiated 40 days from iPS cells originating from FXTAS or
control individuals. Right panel, quantification of CGG nuclear RNA foci and FMRpolyG
nuclear aggregates in neurons differentiated 40 days from iPS cells originating from
FXTAS or control individuals (n=100 neurons, 3 independent cell cultures). (C) Cell
viability of neuronal N2A cells transfected with FMRpolyG-FLAG full-length or deleted of
its C-terminus and with a plasmid expressing RFP as control or Ha-tagged LAP2f3 (n=3
transfections). Scale bars, 10 um. Nuclei were counterstained with DAPI. Error bars

indicate s.e.m. Student t-test, *** indicates p<0.001.
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lll- SCLEROSE LATERALE AMYOTROPHIQUE ET DEMENCE
FRONTO-TEMPORALE

I1l-1- Introduction

Autrefois considérées comme des entités cliniques séparées, il est désormais admis que la
sclérose latérale amyotrophique (SLA) et la démence fronto-temporale (DFT) appartiennent a un
méme continuum. En effet, les patients atteints de SLA peuvent présenter des altérations
cognitives et des troubles du comportement typiques de la DFT. De méme, les patients atteints
de DFT peuvent présenter des altérations motrices correspondant a une SLA (Goldstein and
Abrahams, 2013). De plus, il est retrouvé des altérations histopathologiques communes,
notamment des agrégats de protéines TDP43, dans ces deux maladies. Enfin, selon les patients,
des mutations génétiques identiques, notamment du géne C9ORF72, peuvent donner soit des
SLA, soit des DFT soit un mixte des deux entités (SLA/DFT). Il est toutefois a noter que ce

continuum n’est pas parfait et qu’il existe des formes « pures » de SLA ou de DFT.

lll-1-1 Présentation de la SLA/DFT et des facteurs génétiques impliqués.

1lI-1-1-a- La démence fronto-temporale (DFT)

La démence fronto-temporale recouvre un groupe hétérogene de présentations cliniques
avec des phénotypes variables incluant un déficit de langage et/ou un déficit des fonctions
cognitives et/ou des changements de comportement (Pressman et al., 2014). La DFT représente
la troisieme forme de démence apres Alzheimer et les démences a corps de Lewy (Vieira et al.,
2013). Sa prévalence est estimée a 10 a 15 cas pour 100 000 et environ 30 a 50% des cas sont
d’origine génétique. La DFT résulte de la détérioration progressive des lobes frontaux et
temporaux du cerveau. Ces désordres peuvent étre génétiquement, cliniguement et
pathologiquement hétérogénes. Ils sont divisés en deux catégories basées sur l'altération
clinique majeure affectant soit le comportement soit le langage (figure 6, Zago et al., 2011;

Sieben et al., 2012).
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Figure 6 : Classification des différentes sous-formes de DFT associées a la SLA (modifié d’apres

SLA-DFT

Zago et al., 2011)
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Le variant comportemental de la DFT est caractérisé par des changements du
comportement et de la personnalité tels qu’une désinhibition, une apathie, une agressivité et/ou
des difficultés a s’adapter a de nouvelles situations. Au stade initial de la maladie, la mémoire et
les fonctions perceptives et spatiales sont préservées (Neary et al., 1998 ; Josephs et al.; 2011).
Le variant comportemental représente la moitié des formes de DFT et, généralement, les
premiers signes de la maladie débutent avant I’dge de 65 ans avec une moyenne d’age de début
estimée a 58 ans (Josephs et al., 2011).

L'aphasie progressive primaire (APP) est caractérisée par des difficultés de langage. Il en
existe trois sous-variantes selon le type d’altération du langage. La variante sémantique (AAPvs)
ou le patient perd la conscience des significations de I'information non verbale, par exemple la
connaissance d’objets connus, associée a une difficulté a nommer les objets. La variante non
fluente (APPvnf) est caractérisée par une altération de la production du langage. L’élocution est
ralentie, la parole est hésitante avec une articulation laborieuse mais le patient garde une
compréhension des phrases simples et des mots. Et enfin, la variante logopénique (APPvl) qui est
caractérisée par une production verbale diminuée et des difficultés a trouver les mots, la
grammaire restant conservée (Baumann et al., 2009). Ces différentes présentations cliniques

refletent la dégénérescence de zones différentes dans le cerveau (figure 7).
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Figure 7: Régions atrophiques de différentes sous-formes d’aphasie progressive primaire
comparativement a un groupe témoin (d’aprés Gorno-Tempini et al., 2004)

démence sémantique

. aphasie logopénique progressive

Il est important de noter que ces altérations cliniques peuvent se chevaucher au cours de
la progression de la maladie et que la distinction clinique entre les différents variants est
compliquée voire impossible a des stades avancés de la maladie. La médiane de survie apres
I'apparition des premiers symptomes est de 6 a 11 ans indépendamment de I'dge de début de Ia
maladie (Hodges et al., 2003 ; Roberson et al., 2005).

Enfin, une comorbidité de la SLA avec des altérations du comportement et des déficits
cognitifs a été décrite des le début du XX*™ siecle. Il apparait aujourd’hui clairement qu’une DFT
peut précéder, suivre ou coincider avec le début de la SLA (Lomen-Hoerth et al., 2003 ; Ringholz

et al., 2005 ; Phukan et al., 2007 ; Van Langenhove et al., 2012).

IlI-1-1-b- La sclérose latérale amyotrophique (SLA)

La sclérose latérale amyotrophique (SLA) également connue sous le nom de maladie de
Charcot en Europe ou maladie de Lou Gehrig aux Etats Unis est la maladie la plus fréquente des
maladies du motoneurone. L'incidence de la SLA en Europe est estimée a 2,16 pour 100 000
personnes par an (Logroscino et al., 2010). Elle est caractérisée cliniquement par I’association a
des degrés divers d’une paralysie progressive des muscles a innervation spinale et bulbaire,
secondaire a une perte sélective et progressive des motoneurones centraux et péri